I. Introduction and Background
Eukaryotic mitochondria were once considered static bean-shaped organelles that generate ATP, but are now recognized as an expansive network of organelles that undergoes dimensional and structural changes to meet the specific energy needs of the cell (Fig. 1) . Their involvement in heme metabolism, calcium homeostasis, inflammation, cell proliferation, and apoptosis gives them wide-ranging roles in cell survival (Smith et al., 2012) . The cell's mitochondrial mass is closely regulated by complex intracellular and extracellular signaling pathways that respond to energy demand and is adjusted through the inducible process of mitochondrial biogenesis (Scarpulla, 2008; Piantadosi and Suliman, 2012a,b; Scarpulla et al., 2012) .
Mitochondrial biogenesis is defined as the set of molecular instructions by which cells replace or increase their mitochondria through the proliferation of pre-existing organelles (Scarpulla, 2011; Piantadosi and Suliman, 2012a) . It involves close cooperation between nuclear and mitochondrial genomes that was originally characterized as part of the process of organelle expansion during mitosis, where the doubling of mitochondrial volume imparts each daughter cell with a roughly equivalent complement of mitochondria. This process is fundamental to growth and development, is regulated by specific hormonal or paracrine signals, and in adult tissues is induced in response to increased energy requirements, for instance, in cardiac and skeletal muscle during exercise training (Holloszy, 2008; Joseph et al., 2012) . It is also induced by calorie restriction as well as loss of mitochondrial functional reserve due to damage to the organelles by a range of pathologic events (Piantadosi and Suliman, 2012b) .
To maintain its mitochondria and conserve aerobic energy reserve, the cell must integrate three processes near simultaneously: the identification of irreparably damaged mitochondria; their targeted elimination through selective mitochondrial autophagy (mitophagy); and their efficient replacement through mitochondrial biogenesis. If this cycle is compromised, the cell becomes susceptible not just to loss of energy regulation, but to calcium dysregulation, disruption of heme biosynthesis, oxidative damage from excessive generation of reactive oxygen species (ROS) by dysfunctional mitochondria and intrinsic apoptosis (Murphy and Smith, 2007) . Thus, like other high-fidelity subcellular processes, for example, the proofreading of nascent protein folding in the endoplasmic reticulum (Kopito, 1997) , mitochondria are engaged in an assiduous quality control (QC) system.
Under most circumstances, mitochondria are the main endogenous producers of ROS in the cell but also constitute a major antioxidant defense. Both facets encompass central prosurvival functions involving antiapoptotic and anti-inflammatory pathways that limit tissue loss and hold fibrotic mechanisms in check. The antioxidant role is related both to inducible mitochondrial ROS-scavenging systems and to the fact that cytochrome c oxidase fully reduces molecular O 2 to water. The antiapoptotic effect derives from both the calcium storage function and the expression of antiapoptotic mitochondrial proteins, ABBREVIATIONS: AD, Alzheimer's disease; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; AMPK, AMP kinase; ARE, antioxidant response element; CoQ 10 , coenzyme Q10; CORM, CO-releasing molecule; COX, cytochrome c oxidase; CREB1, cAMP response element-binding protein; DM2, type 2 diabetes; DMD, Duchenne's muscular dystrophy; Drp1, Dynamin-related protein 1; E2, 17b-estradiol; EPO, erythropoietin; EpoR, erythropoietin receptor; ER, endoplasmic reticulum; ERRa, estrogen response receptor alpha; ETT, electron transport chain; FAO, fatty acid oxidation; FoxO, Forkhead box O; GC, guanylate cyclase; H, heavy; HD, Huntington's disease; HO, heme oxygenase; HSD10, hydroxysteroid (17-b) dehydrogenase 10; IL, interleukin; IR, ischemia-reperfusion; L, light; MDV, mitochondrial-derived vesicle; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; mHtt, mutant Huntingtin; mtDNA, mitochondrial DNA; mTOR, mammalian target of rapamycin; NASH, nonalcoholic steatohepatitis; NEMP, nuclear-encoded mitochondrial protein; NF-kB, nuclear factor kB; NLR, Nuclear oligomerization domain (NOD)-like receptor; NO, nitric oxide; NOS, nitric oxide synthase; NR, nuclear receptor; NRF, nuclear respiratory factor; OXPHOS, oxidative phosphorylation; PD, Parkinson's disease; PGC, peroxisome proliferator-activated receptor g coactivator; PPAR, peroxisome proliferator-activated receptors; QC, quality control; ROS, reactive oxygen species; SIRT1, sirtuin-1; SOD, superoxide dismutase; TLR, Toll-like receptor; TPP, triphenylphosphonium; TR, thyroid receptor.
Mitochondrial Quality Control whereas counter-inflammatory mechanisms are related mainly to regulation of inflammasome assembly. Each of these aspects is also coupled to the genetic programming for mitochondrial QC.
Despite extensive work on the molecular regulation of mitochondrial turnover in health and disease, rational mitochondrial-based strategies are only now being formulated for conditions that involve mitochondrial dysfunction and have proven refractory to conventional therapeutics. The conditions that damage mitochondria entail a range of injuries including ischemia-reperfusion, systemic inflammatory states, cardiovascular disease, degenerative diseases of the musculoskeletal and central nervous systems, aging, and toxic injuries to solid organs such as the liver and kidney.
Many of the signaling pathways that maintain energy homeostasis also support the resolution of mitochondrial damage. In addition to ATP production, mitochondria coordinate numerous metabolic and anaplerotic reactions through the Krebs cycle and fatty acid metabolism (Chan, 2007) . The capacity to regenerate mitochondria, however, is challenging because of the mitochondrial genome, as each organelle harbors multiple copies of the circular ;16.6-kb double-stranded DNA molecule (mitochondrial DNA, mtDNA) that encode for 13 electron transport chain proteins, 2 rRNA of the mitochondrial ribosome, and 22 tRNA required for the translation of protein in the matrix (Bonawitz et al., 2006) . The remaining ;80 OXPHOS subunits and 1,000+ other mitochondrial proteins are encoded by nuclear genes, the mRNA translated by cytosolic ribosomes, and the protein products imported via specialized mitochondrial targeting and translocation mechanisms (Becker et al., 2012) . This bigenomic origination means that mutations in either mitochondrial or nuclear genes produce mitochondrial dysfunction and contribute to heritable metabolic disorders, cancer, neurodegenerative disease, and to agerelated disorders (Wallace, 2005; Shutt and Shadel, 2010) .
The genetic organization of mammalian mtDNA is highly conserved (Shadel and Clayton, 1997) . Genes are present on both DNA strands, designated by relative weight per nucleotide as the heavy (H)-and light (L)-strands. The H-strand encodes two rRNAs, 12 mRNAs, and 14 tRNAs, whereas the L-strand encodes 1 mRNA and 8 tRNAs (Fig. 2) . The noncoding control region or D-loop encompasses cis-acting regulatory elements The cytoskeleton protein F-actin is green and the cell nucleus is blue (DAPI; 49,6-diamidino-2-phenylindole). 600Â. Scale bar = 0.4 mm. (Right) Electron micrograph of normal mouse heart mitochondria. Cardiomyocyte exhibits abundant electron-dense mitochondria (m) surrounded by smooth endoplasmic reticulum (SER) . N = cell nucleus. Scale bar = 0.2 mm. Fig. 2 . Schematic of the major steps of mtDNA replication and transcription. The double-stranded mtDNA molecule is replicated in a strand a synchronous manner and L-strand replication starts at its origin of replication (OL) after the nascent H-strand has completed about two-thirds of the circle proceeding in the opposite direction. H-strand replication is initiated using a short L-strand mRNA transcript synthesized by mitochondrial RNA polymerase (POLRMT). POLRMT accesses its DNA template by binding of mitochondrial transcription factor A, B1, and B2 (Tfam, TFB1M, and TFB2M) at the mtDNA duplex. Precursor RNA primer is cleaved by processing endonuclease (RNase) at the H-strand origin of replication (OH). Bases are added to free 39-termini by mitochondrial DNA polymerase gamma (Polg). Twinkle is required for preparation of single-stranded templates for Polg activity. H-strand transcription is initiated from two promoter sites, HSP1 and HSP2. HSP1 transcripts are terminated at the termination sequence (TERM) within the tRNA-Leu (UUR) gene where MTERF1 binds. HSP2 generate near full-length polycistronic transcripts that are processed into individual RNAs. L-strand transcription is initiated from a single promoter site LSP, which generates near full-length polycistronic messages. The replication origins of both the H-and L-strands are indicated (OH and OL, respectively) . CSB, conserved sequence block; HSP, heavy-strand promoter; LS, light-strand promoter; MTERF1, mitochondrial termination factor 1; MtSSB, mitochondrial single-stranded binding protein.
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Suliman and Piantadosi required for mtDNA transcription and replication (Shadel and Clayton, 1997) . Polycistronic RNA generated by mtDNA transcription is processed into individual rRNAs, tRNAs, and mRNAs. Mitochondrial plasticity, however, is largely under nuclear control, and many nuclear-encoded mitochondrial proteins (NEMPs) are expressed in a tissue-or cell-specific manner that allows proteome modifications for specialized function (Balaban, 2012) .
Mitochondria, of course, regulate intrinsic programmed cell death, aspects of innate immunity (Hailey et al., 2010) , and cellular responses to starvation, such as autophagosomal membrane genesis (West et al., 2011) . Specific domains called mitochondria-associated membranes (Vance, 1990) form through interaction and communication with cytoskeleton and endoplasmic reticulum (ER), generating small vesicular carriers called mitochondrial-derived vesicles (MDVs) (Neuspiel et al., 2008) that transport cargo to peroxisomes. Recently, a new aspect is the transport of mitochondrial proteins and lipids to other intracellular organelles, e.g., fusion with multivesicular bodies or the late endosome (Soubannier et al., 2012a; Sugiura et al., 2014) . Conceptually, therefore, mitochondrial QC is not only tied to energy production but to ancillary functions for the cell's homeostatic response to external challenges.
For disruptions in mitochondrial morphology, or movement not to impact cell survival, mitochondrial QC induction opposes limitations on mitochondrial function, distribution, and mass. This implies fine control between the production of functional organelles (biogenesis) and the selective degradation and elimination of dysfunctional ones by mitophagy. Although QC involves a farreaching set of molecular instructions to protect cell function and viability, the transcriptional regulation of mitochondrial biogenesis is emphasized here because many disease states have been linked to persistent mitochondrial dysfunction and altered redox homeostasis. Interruption of mitochondrial assembly, turnover, or function without cell death contributes to a surprisingly wide range of pathologies, raising the need for highly targeted therapies (Murphy and Smith, 2007; Wallace et al., 2010) . The opportunities and challenges of mitochondrial biogenesis as a therapeutic target are outlined here and illustrated with examples from current mitochondrial-based pharmacology.
II. Mitochondrial Biogenesis and Mitochondrial Turnover
Healthy mitochondrial populations are dynamic and exhibit variable turnover rates in an actively regulated transcriptional process that links mitochondrial biogenesis to the degradation of senescent and damaged mitochondria by mitophagy. Because mitochondria cannot be synthesized de novo but must be constantly renewed, the rate of homeostatic mammalian QC in vivo is fairly low (Miwa et al., 2008) , on the order of days, whereas it is more rapid in cell culture (Hernandez et al., 2013) . In the rat heart, for instance, the mitochondrial population has an estimated half-life of roughly 2 weeks (Rabinowitz and Zak, 1975) . Thus, a typical unstressed cardiomyocyte (;1000 mitochondria) would replace ;1.5 mitochondria each hour. Moreover, turnover may be regulated by the circadian clock, because a number of OXPHOS enzymes show strong diurnal variation. This may be related in part to dietary intake and to the fasting period during sleep; hence nocturnal turnover may lead to replacement of a few percent of the mitochondrial population daily. Turnover rates also vary with the metabolic status of specific tissues, and can be greatly accelerated to allow cells to rapidly adjust to new energy demands from genetic, metabolic, dietary, or damage events, thereby dampening the impact of sudden changes in local microenvironments (Medeiros, 2008) . Hence, the mitochondrial turnover rate is important in the rate of mitochondrial damage resolution.
The importance of intermediate repair and disposal of damaged macromolecules for mitochondrial homeostasis cannot be overstated, particularly for mtDNA and matrix proteins. Mammalian mtDNA repair is mediated by enzymes similar in activity to those in the nucleus, and all are encoded by nuclear genes and must therefore be imported into the organelles (Kazak et al., 2012) . The turnover rates of respiratory chain subunit proteins are variable and have recently been shown to correlate with location within the mitochondria, evolutionary origin, site of protein encoding, and degree of ubiquitination (Karunadharma et al., 2015) . Mitochondria contain imported proteases that are responsible for the maintenance of protein quality (mitochondrial unfolded protein response) including the Lon protease and other AAA+ superfamily proteases (ATPases associated with diverse cellular activities) (Grisolia et al., 1979) , which are required for the energy-dependent remodeling or translocation of macromolecules. These proteases degrade superfluous or damaged subunits into small peptides and act as chaperones to extrude and target them for degradation by proteasomes (Wikstrom et al., 2009) . The exact peptide extrusion mechanism is not clear, but it is insufficient to handle large numbers of damaged inner membrane and matrix proteins or to compensate for high damage rates. As mentioned, mitochondria generate MDVs and compartmentalize them differently, including sequestration into lysosomes and peroxisomes. MDV cargo transported to lysosomes is destined for degradation, and MDVs are enriched with oxidized proteins (Soubannier et al., 2012a,b) . However, the purpose of targeting MDVs to the peroxisome is unclear (Sugiura et al., 2014) , because the peroxisome specializes in detoxification of hydrogen peroxide and the breakdown of purines and certain types of fatty acids. However important these repair or disposal mechanisms are, none is sufficient to eliminate Mitochondrial Quality Control whole mitochondria (Sugiura et al., 2014) . Those situations require mitophagy in conjunction with the activation of mitochondrial biogenesis. Although our understanding of this area is evolving rapidly, mitophagy is not a singular event (Lemasters, 2014) , and it is not clear how the cell determines when to halt repair and eliminate the organelle.
For many years, our understanding of the regulation of mitochondrial biogenesis was limited to events related to cell division and to increased work. The unique challenge for the cell is the rapid synchronization of mtDNA replication and mitochondrial-encoded gene expression in conjunction with the upregulation of many genes for NEMPs and associated subsets of nonmitochondrial genes. Subsequently, it became known that the program is activated by changes in substrate availability (e.g., starvation) (Moreno-Loshuertos et al., 2006 and by certain paracrine effectors and hormones (Scarpulla, 2011) necessary for the cell to maintain its functional mitochondrial mass (Onyango et al., 2010) . The process is also essential to recovery from oxidative stress, inflammation, and mitochondrial drug toxicity (Suliman et al., 2007a) . In each case, signal specificity is maintained through a network of nuclear DNA-binding transcription factors and coregulators upregulated by diverse physiologic conditions and by tissue or cellspecific events that respond to changes in mitochondrial function and/or mass. The response to cell damage is especially challenging because the precise communication between nuclear and mitochondrial genomes may become difficult to maintain, but is critical to support function and avoid apoptosis or necrosis as well as to adjust mitochondrial phenotype to changes in microenvironment or disease pathogenesis.
The data on mitochondrial dysfunction in acquired diseases has at times seemed contradictory because each situation is different and quite complex. For instance, during acute experimental ischemia, inflammation, and/or oxidative stress, various studies have reported impaired (Crouser et al., 2004; Gellerich et al., 1999 ), unchanged (Mela-Riker et al., 1992 Taylor et al., 1995) , or improved (Taylor et al., 1998; Lu et al., 2003) mitochondrial function. Such discrepancies have many causes, such as type of cell injury, duration and severity of injury, the cell type and function, and the experimental situation. There are also uncontrolled variables in the repair responses that promote or impede the resolution of mitochondrial dysfunction (Reynolds et al., 2009 ). These complexities have made it harder to devise rational mitochondrial-based therapies and to confirm the mode of action of the intervention and its impact on cell damage and resolution.
Nonetheless, there is a clear set of mitochondriarelated events that occur after acute sterile or infectious damage to previously healthy cells and tissues. Cells that exhibit mitochondrial damage, but are able to survive, show the induction of mitochondrial biogenesis, activation of autophagy, and eventual repopulation with functional mitochondria (Chang et al., 2015) . This sequence of events is now well appreciated morphologically for major disturbances in oxygen delivery to tissues, for instance after ischemia-reperfusion or severe hypoxia-reoxygenation in the heart and the brain (Gutsaeva et al., 2008; Ahuja et al., 2010) . Mitochondrial QC is activated by mechanisms involving both energy limitation and redox pathways, which, as discussed later, remain under active investigation.
The early response to oxidative or electrophilic stress involve activation of the transcription factor nuclear factor (erythoid-derived 2)-like2 (NFE2L2 or Nrf2), which binds to antioxidant response (ARE) elements in the promoter regions of target genes (Wakabayashi et al., 2004) , coordinates antioxidant and antiapoptotic gene upregulation (Alam et al., 2004) , and induces mitochondrial biogenesis Athale et al., 2012; MacGarvey et al., 2012) . In a chemical stress model of renal ischemia-reperfusion, increased mitochondrial biogenesis has been shown to accelerate the recovery of OXPHOS through p38 and epidermal growth factor receptor activation of PGC-1a (Rasbach and Schnellmann, 2007) . Those investigators also found that stimulation of the 5-hydroxytryptamine receptor activated mitochondrial biogenesis and suggested that 5-hydroxytryptamine agonists as a treatment of mitochondrial and cell injury (Rasbach et al., 2010) . Because damage by ongoing inflammatory processes is often periodic, mitochondria are frequently damaged not just by the original insult but by subsequent oxidative and nitrosative stress driven by cytokine production. In severe sepsis, for instance, ROS and nitric oxide (NO) overproduction leads to mtDNA damage, but NO also activates mitochondrial biogenesis through complex crosstalk between a mitochondrion and the nucleus that yields a net increase in the synthesis of new organelles Medeiros, 2008; Ahuja et al., 2010; Seo et al., 2010) .
The transcriptional activation of nuclear and mitochondrial gene expression leads to a nascent protein supply in appropriate quantities at appropriate times for an expanding mitochondrial subpopulation. Because the bulk of the proteins are NEMPs, and mtDNAencoded mRNAs are involved only in the synthesis of a dozen OXPHOS proteins, nuclear transcription factors play a predominant role in mitochondrial biogenesis. The mitochondrial genome, however, must be transcribed and replicated during mitochondrial biogenesis so that the new population remains at full transcriptional capacity.
A relatively small set of DNA-binding transcriptional regulators are essential for mitochondrial biogenesis including nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2), cAMP response element-binding protein (CREB1), estrogen response receptor alpha (ERRa), and the nuclear coactivators peroxisome proliferator-activated 24 Suliman and Piantadosi receptor g coactivator 1-a, 1-b (PGC-1a, b), and PPRC (Peroxisome proliferator-activated receptor gamma coactivator-related protein 1). PGC-1a interacts, for example, with NRF-1 and 2, ERRa, and CREB1 to regulate the transcription of genes involved in mitochondrial biogenesis and energy metabolism (Wu et al., 2006) . These coactivators provide a direct link between physiologic events and the regulation of mitochondrial biogenesis and can be induced pathologically as well as pharmacologically.
Several other nuclear transcription factors are linked to the expression of respiratory chain subunits such as YY1 and myocyte enhancer factor-2, and YY1 is an important component of nutrient sensing by the mammalian target of rapamycin (mTOR) pathway. Inhibition of mTOR decreases ERRa and NRF-1/2 expression and prevents the interaction between YY1 and PGC-1a. The oncoprotein Myc also regulates nuclear-encoded mitochondrial programming largely by an interaction with NRF-1 (Morrish et al., 2003) and by increasing PGC-1b expression (Morrish and Hockenbery, 2014) .
Although mitochondria are often damaged by ROS, now recognized as both agents of damage and architects of senescence, some ROS, particularly H 2 O 2 , act as redox messengers for NEMP expression. Indeed, mitochondrial H 2 O 2 production is an important trigger for mitochondrial proliferation, particularly during acute inflammation where severe mitochondrial damage in organs like the liver, heart, and kidneys must be cleared (Suliman and Piantadosi, 2014) . Hence, mitochondriatargeted antioxidant compounds may limit damage but also interfere with the redox sensing of damage that is not prevented by the drug.
The prompt restoration of a highly functional population of mitochondria is fundamental to the recovery of injured cells and tissues, particularly those with delicate bioenergetic equilibria such as cardiomyocytes, hepatocytes, renal tubular cells, and neurons. Moreover, proliferating cells depend on mitochondrial biogenesis to provide daughter cells with an adequate supply of mitochondria for the required aerobic capacity. These concepts have brought mitochondrial biogenesis to the forefront as a therapeutic target for diseases characterized by gradual cell loss that to date have had no effective therapies. The presence of cyclical cell damage leads to the need for additional energy while exposing the proliferating mitochondria to recurrent bouts of damage.
Only a handful of small molecules are known today to induce mitochondrial biogenesis without first causing explicit mitochondrial damage. Therefore, the pharmacological manipulation of mitochondrial biogenesis using noninjurious agents is a priority for injuries and diseases already characterized by mitochondrial dysfunction . Mitochondrial pharmacology is thus an exciting area with many promising new directions, and in covering a number of approaches to induce mitochondrial biogenesis, including natural products, we have highlighted novel concepts and targets for therapy of mitochondrial genetic disorders, chronic degenerative diseases, and life span extension.
III. Mitochondrial Disorders and Diseases
Mitochondrial diseases are conveniently divided into primary and secondary disorders. Primary disorders are characterized by heritable mitochondrial gene defects such as base substitution or insertion-deletion mutations in mtDNA coding regions or genes for NEMPs, whereas the secondary disorders are due to nongenetic events including mitochondrial toxins, ischemia, infections, or sterile inflammation. The most common inherited disorders, Friedreich's ataxia; Leber's hereditary optic neuropathy; mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS); myoclonic epilepsy with ragged-red fibers; and Leigh Syndrome show variable clinical profiles and susceptibility to stressors. In addition to defects in energy conservation, they share, to various degrees, oxidative stress as a pathogenic feature due to endogenous ROS production or to a decrease in mitochondrial anti-oxidant protection or both.
The frequency of primary mitochondrial disorders ranges up to 1 in 5,000 (Schaefer et al., 2004) , and the organelle a logical pharmacological target in these individuals. Many primary disorders manifest in early childhood and therapeutic options are limited. Conceptually, however, phenotypic commonalities in mtDNA loss-of-function mutations help to inform the pathogenic impact of secondary or acquired disorders. Acquired mitochondrial loss-of-function has been linked with varying levels of evidence to Parkinson's disease (PD), Alzheimer's disease (AD), amyotrophic lateral sclerosis (Lin and Beal, 2006; Trushina and McMurray, 2007) , schizophrenia, and autism (Manji et al., 2012; Rossignol and Frye, 2012) . Secondary mitochondrial defects are best exemplified by severe, persistent inflammatory states but are also represented in metabolic disorders (Nasrallah and Horvath, 2014) and some cancers (Wallace, 2012) . For example, mutations in the mitochondrial intermembrane form of superoxide dismutase SOD1, which prevents superoxide damage, is linked to the progression of amyotrophic lateral sclerosis; (Vehvilainen et al., 2014 ) NADH dehydrogenase 4 to Leber's hereditary optic neuropathy (Kornmann, 2013) ; PARKIN to the familial form of PD (Schmidt et al., 2010) ; and TCA cycle enzymes to oncogenesis (Schaefer et al., 2004) .
The induction of mitochondrial biogenesis has also been promoted as a strategy for the treatment of OXPHOS disorders in mouse models (Smith et al., 2012) . Hypothetically, boosting mitochondrial quality and mass should increase remaining OXPHOS activity unless the defective protein acts as a dominant-negative.
Mitochondrial Quality Control
Otherwise, the approach should enhance the cellular ATP synthetic capacity and presumably improve cellular energy deficits and enhance repair mechanisms. Although optimal and specific agents are not yet available, there is promising proof-of-principle evidence. For instance, the mTOR signaling pathway integrates many processes that are involved in the promotion of cell growth (Laplante and Sabatini, 2009) . Specific inhibition of the mTOR pathway with rapamycin enhances survival and attenuates disease progression in a mouse model of Leigh syndrome. These mice, which are deficient in mitochondrial Complex I subunit Ndufs4 [NADH dehydrogenase (ubiquinone) Fe-S protein 4] display reduced neurologic symptoms, neuroinflammation, and brain lesions after rapamycin treatment. Although an exact rescue mechanism was not identified, the metabolic shift toward amino acid catabolism was postulated to have alleviated a buildup of glycolytic intermediates (Johnson et al., 2013) .
A. Metabolic Disorders
Mitochondrial dysfunction in primary metabolic organs such as the liver has a large impact on systemic metabolic homeostasis (Grattagliano et al., 2012) . Studies on patients with obesity, diabetes, nonalcoholic steatohepatitis (NASH) or nonalcoholic fatty liver disease consistently display functional and structural abnormalities in hepatocyte mitochondria, such as OXPHOS impairment or mega-mitochondria (Begriche et al., 2006) . Increased and decreased oxidation is reported as features of hepatocyte steatosis and insulin resistance (Fabbrini et al., 2010; Pessayre, 2007; Zhang et al., 2007) . A decrease in oxidative activity in the hepatocyte induces diacylglycerol accumulation and steatosis with concurrent PKC activation and inhibition of insulin signaling (Zhang et al., 2007) . Insulinresistant patients show an increase in hepatic oxidation that is correlated with an increase in ROS production (Pessayre and Fromenty, 2005; Fabbrini et al., 2010) .
Persistently high hepatic carbon oxidation rates in insulin resistance could be an adaptive mechanism to limit free fatty acid toxicity or to provide large quantities of reduced NADH. This effect may be decoupled from actual energy requirements and the ROS production reflective of respiratory chain damage or dysfunction (Vial et al., 2010) . On the other hand, mitochondrial ROS production during OXPHOS facilitates insulin signaling through insulin receptor oxidation and phosphatase inhibition, for instance PTP1B and phosphatase and tensin homolog (PTEN) (Cheng et al., 2010) . As such, ROS production would be expected to promote the inflammation by some of the cellular mechanisms discussed earlier.
Insulin resistance is characteristic of type 2 diabetes (DM2) and the inability of insulin to inhibit glucose output from the liver and promote glucose uptake by muscle (Saltiel and Kahn, 2001; Hribal et al., 2002) . In mouse models, hepatic PGC-1a expression is elevated with the onset of DM2, where it contributes to constitutive gluconeogenesis and fatty acid oxidation (FAO) through coactivation of nuclear receptors HNF-4 and peroxisome proliferator-activated receptors (PPAR)-a, respectively (Herzig et al., 2001; Rhee et al., 2003) . Insulin suppresses gluconeogenesis stimulated by Forkhead box O (FOXO) 1/PGC-1a, whereas a mutant, insulin-insensitive FOXO1 allele completely reverses this suppression in hepatocytes and in transgenic mice. Recent findings support a role for PGC-1a in linking nutrient deprivation to mitochondrial oxidant production through coactivation of ERRa to enhance sirtuin-1 (SIRT1) expression (Kong et al., 2010; Giralt et al., 2011) .
SIRT3 is s nicotinamide adenine dinucleotide (NAD)-dependent protein deacetylase localized to mitochondria that allows tissue-specific optimization of ATP levels and metabolic enzyme activities . SIRT3 opposes oxidative stress by precipitating a series of reactions beginning with activation of isocitrate dehydrogenase 2 and culminating in detoxification of peroxides by glutathione peroxidase (Someya et al., 2010) . It deacetylates SOD2, leading to increased activity and enhanced oxidant scavenging in the matrix (Qiu et al., 2010; Tao et al., 2010) . Another key factor is the high expression of PPARa in the liver, heart, and small intestine (Kersten, 2014) . Acting as a nutrient sensor, PPARa promotes the adaptation of fatty acid catabolism, lipogenesis, and ketone body synthetic rates in response to feeding and starvation to stimulate hepatic fatty acid oxidation and fasting ketogenesis (Hashimoto et al., 2000; Sugden et al., 2002; Patsouris et al., 2004 ). An increase in PPARa leads to target gene activation in fatty acid oxidation (e.g., Cpt1a, Cpt2, Acadvl, Hadha) and ketogenesis (Hmgcs2, Hmgcl, Acat1). Furthermore, PPARa negatively regulates proinflammatory and nuclear factor (NF)-kB and AP-1 signaling in systemic inflammation, atherosclerosis, and NASH Gervois et al., 2004) .
Mitochondrial dysfunction and body energy balance are integral to metabolic disorders such as obesity and metabolic syndrome (Joseph et al., 2012; Szendroedi et al., 2012) . In these disorders, there is renewed interest in the role of mitochondria-rich brown fat, which efficiently dissipates energy through nonshivering thermogenesis as a result of high levels of the uncoupling protein 1 . Attention has also been focused on the role of beige fat, which can be generated from white adipose tissue by thermogenic pathways in which mitochondrial biogenesis has a key role (Schulz et al., 2013) . Although strategies to target mitochondria in the treatment of nonalcoholic fatty liver disease and NASH are still in the early stages, the opposite induction of mitochondrial biogenesis is a logical target for treatment of obesity and metabolic syndrome (Szendroedi et al., 2012; Wu et al., 2013) . 26 Suliman and Piantadosi Pharmacological stimulation of mitochondrial biogenesis seems to induce certain positive effects of calorie restriction and exercise on such generic metabolic disorders.
B. Mitochondrial Quality Control and Inflammation
1. Importance of Innate Immunity. The regulation of mitochondrial QC provides an important duel antiinflammatory function: the control of inflammasome assembly and the expression of counter-inflammatory genes. This is made possible through connections between nuclear QC network programming and the innate immune system in tissues where host defense must be coordinated with repair mechanisms necessary to control damage from circulatory failure, pro-oxidants, xenobiotics, and pathogens. The connections between mitochondria, inflammation, and metabolism are of great interest, because dysfunctionality is associated with chronic inflammatory diseases, cancer, and fibrosis. The presence of infection is normally sensed by pattern recognition receptors, which, upon activation, trigger an acute inflammatory response and initiate defense and repair programs (Dostert et al., 2008; Schroder and Tschopp, 2010) . The offender is sequestered and eliminated while tissue repair is initiated, which occurs over the course of a few days. When the source cannot be effectively removed, progressive cell damage and cell death leads to tissue loss and failure to heal. Such cycles of tissue destruction and healing lead to chronic inflammation and fibrosis and are characteristic of many degenerative diseases, including DM2, arthritis, inflammatory bowel disease, and neurodegenerative conditions. Under such circumstances, the mitochondrial mechanisms discussed here are actively involved (Tschopp, 2011) .
The activation of mitochondrial biogenesis by the host immune response was first demonstrated more than a decade ago when lipopolysaccharide was found to stimulate hepatic and cardiac mitochondrial biogenesis in rats (Suliman et al., 2003b (Suliman et al., , 2004 . Subsequently, the resolution of extensive cytokine-induced mtDNA damage after heat-inactivated Escherichia coli exposure was found to be due to compensatory mitochondrial biogenesis initiated in part by activation of toll-like receptor 4 (TLR4) and downstream signaling via CREB1 and NF-kB-dependent induction of NRF-1 (Suliman et al., 2005 (Suliman et al., , 2007b . In murine peritonitis, depressed oxidative metabolism is eventually restored by mitochondrial biogenesis, thus providing a way to affect sepsis outcome . Indeed, sepsis-induced mitochondrial dysfunction is linked to multiple organ dysfunction syndrome, whereas the rate of resolution and restoration of organ function may depend on the reestablishment of mitochondrial number and function (Singer, 2007) . The failure to maintain and/or restore mitochondrial mass not only impairs tissue repair but may foster immune suppression through prolonged upregulation of counter-inflammatory mediator genes such as interleukin (IL)-10 ( Suliman and Piantadosi, 2014) . Clinical data also support that activation of mitochondrial biogenesis in skeletal muscle influences survival in critical illness (Carre et al., 2010) . Accordingly, innovative strategies to promote and protect mitochondrial biogenesis may lead to new ways to prevent organ failure in severe systemic inflammatory states .
2. Role of the Inflammasome. The full expression of host inflammation after immune cell exposure to pathogens or to diverse pathogen-and danger-associated molecular patterns or environmental triggers requires assembly of multiprotein inflammasome complexes. Inflammasomes generally contain a Nuclear oligomerization domain (NOD)-like receptor (NLR) molecule, NLRP1 (NOD-, leucine rich repeat-, and pyrin domaincontaining 1), NLRP3, or others (Latz et al., 2013) . A typical sensor complex consists of three protein components, for example NLRP3 (NALP3), ASC (PYCARD), and caspase-1. The NLRP3 complex activates caspase-1 (and caspase-11 in mice), leading to processing and release of IL-1b and IL-18.
Inflammasomes are also mitochondrial stress monitors and regulators of intrinsic apoptosis (Latz et al., 2013) . Mitochondrial stress is sensed by the NLRP3 inflammasome through ROS production (Zhou et al., 2011) and/or the release of oxidized mitochondrial DNA (Shimada et al., 2012) . Two lines of evidence favor mitochondria as the main source of ROS in NLRP3 inflammasome activation and hence as a signalintegrating organelle for innate immunity (Schroder and Tschopp, 2010; Nakahira et al., 2011; Zhou et al., 2011) . In macrophages, inflammasome activation is impaired by mtDNA depletion or by inactivation of the outer membrane voltage-dependent anion channel (Fabbrini et al., 2010) . Also, respiratory chain inhibition activates the NLRP3 inflammasome (Nakahira et al., 2011) . Disturbances in energy homeostasis lead to mitochondrial relocation via the microtubule system, which facilitates NLRP3 interaction with the ASC adaptor protein (Misawa et al., 2013) . Optimal NLRP3 activation requires a Retinoic acid-inducible gene-I-like receptor adaptor molecule called MAVS (mitochondrial antiviral signaling protein) localized to the outer mitochondrial membrane (Subramanian et al., 2013 ). Another mechanism that increases IL-1b output in activated macrophages is through increases in the TCA cycle intermediate succinate, which stabilizes hypoxiainducible factor-1a and allows sustained IL-1b transcription (Tannahill et al., 2013) . The NLRP3 inflammasome is inhibited by the removal of damaged or dysfunctional mitochondria by mitophagy. The cell eliminates high ROS-generating mitochondria to avoid autodestructive inflammation (Nakahira et al., 2011) . Inhibition of mitophagy leads to retention of ROS-generating mitochondria and inflammasome activation (Nakahira et al.,
Mitochondrial Quality Control 2011; Zhou et al., 2011) . Mitochondria removed by mitophagy are replaced through mitochondrial biogenesis, thus avoiding persistent inflammasome activation that would lead to energy failure and cell death.
In overwhelming infections, immune dysregulation may lead to tissue damage in which surviving cells undergo cycles of mitochondrial damage and exhibit accelerated mitochondrial turnover, particularly for highly active tissues. Mitochondrial damage is driven by toll-like (TLR) receptor-dependent production of early-phase inflammatory mediators, such as tumor necrosis factor alpha and nitric oxide (NO) (SchulzeOsthoff et al., 1992) . Activated macrophages and Kupffer cells generate certain interleukins that also cause mitochondrial damage (Schulze-Osthoff et al., 1992) . Damaged mitochondria generate higher levels of ROS and may release calcium and intrinsic apoptosis proteins (Taylor et al., 1995; Kantrow et al., 1997) . Excessive oxidant production can compromise mitochondrial function and structure through the direct chemical oxidation of proteins, lipids, and DNA. For example, the NO-superoxide reaction generates the powerful oxidant peroxynitrite (ONOO 2 ) (Kurose et al., 1993) , and in the presence of transition metals such as iron, H 2 O 2 and superoxide generate the hydroxyl radical (×OH) by the Fenton reaction (Halliwell, 1989) .
Transcription factors that initiate the host defense, including NF-kB, are also activated by oxidative stress (Koay et al., 2001) . Hence, with the transcriptional activity of PGC-1a, NRF-1 upregulates many antioxidant defenses (Piantadosi and Suliman, 2006; St-Pierre et al., 2006) . PGC-1a also promotes the induction for ROS-detoxifying enzymes such as mitochondrial superoxide dismutase (SOD2) and glutathione peroxidase-1. And in neuronal cells, CREB1 is an important activator of the Pargc1a (PGC-1a) gene after oxidant exposure (St-Pierre et al., 2006) . In macrophages, PGC-1b overexpression inhibits canonical NF-kB-dependent cytokine production, which mitigates the acute inflammatory response (Vats et al., 2006) . In murine Staphylococcus aureus peritonitis, early TLR-mediated events include the rapid upregulation of hepatic PGC-1a and PGC-1b in wild-type mice, whereas both genes are deregulated in TLR22/2 mice and increased in TLR42/2 mice. Meanwhile, PRC is upregulated in all three strains ).
An inability to regulate inflammasome activity creates overlapping cycles of inflammatory tissue damage that may partly conceal organized mitochondrial QC processes. In mice, sublethal damage by lipopolysaccharide transiently depletes hepatic mtDNA content and impairs mitochondrial transcription (Suliman et al., 2003a) . Compensation involves Akt/PKB phosphorylation of NRF-1, increasing its nuclear translocation and subsequent expression of Tfam and other mitochondrial transcriptome proteins, which after importation, allow mtDNA copy number to be restored (Suliman et al., 2003b) . Initial mtDNA content depletion is related to TLR4 and NF-kB activation, and genetic ablation of TLR4 reduces, but does not eliminate this damage; however, recovery of mtDNA copy number is delayed in TLR4 null mice (Suliman et al., 2005) .
This mtDNA damage leads to upregulation of repair enzymes such as the base excision glycosylase, OGG1, in part through NRF-1 and NRF-2 binding to promoter elements . Notably, mtDNA copy number can be protected by increasing SOD2 in mitochondria, by inhibiting NOS activity, or by scavenging ONOO 2 (Choumar et al., 2011) . In true infection, or after exposure to surrogate damage-associated molecular patterns, there is morphologic evidence of mitophagy and mitochondrial biogenesis, which in survivors restore mitochondrial mass within days (Suliman et al., 2003a; Haden et al., 2007; Watanabe et al., 2009) .
If these processes cannot prevent energy compromise, impending energy failure, specifically ATP depletion, activates a key pathway regulated by the serine/ threonine kinase AMPK (Bergeron et al., 2001) . AMPK stimulates glucose and lipid catabolism and blocks energy-utilizing pathways such as protein and fatty acid biosynthesis. AMPK promotes mitochondrial biogenesis (Bergeron et al., 2001; Zong et al., 2002; Reznick and Shulman, 2006) , NO production (Morrow et al., 2003) , and autophagy and opposes inflammation by interfering with NF-kB-dependent cytokine expression (Bai et al., 2010) . The mechanism of NF-kB antagonism is not clear, but may indirectly involve PGC-1a, Forkhead box O (FoxO)-type transcription factors, and/or SIRT1 (Canto et al., 2009; Barroso et al., 2011; Salminen et al., 2011) . Conversely, loss of AMPK activity is associated with increased inflammation.
However, the transcriptional activity of relevant nuclear receptors (NRs), particularly estrogen-related receptor ERRa, is blocked by repressors such as RIP140 and others (L'Horset et al., 1996) ; RIP140 thus suppresses metabolic gene expression and mitochondrial biogenesis (Powelka et al., 2006) . In macrophages, RIP140 is actually a cytokine gene coactivator, and RIP140 deficiency inhibits the inflammatory response (Zschiedrich et al., 2008) . RIP140 interacts with the RelA subunit of NF-kB and the histone acetylase CREBbinding protein and cooperates with CREB-binding protein coactivator complex on RelA-regulated promoters. RIP140 modulation of inflammatory gene expression is thus a good example of cell-specific integration of control pathways for metabolism and inflammation (Zschiedrich et al., 2008) . Accordingly, newer findings on the trained monocyte response, which improves resistance to infection, indicates a requirement for a switch from respiration to glycolysis involving genes of the mTOR-HIF-1 a pathway (Borden, 2014) . 
C. Mitochondrial Dysfunction Caused by Therapeutic Agents
Well over 300 mitochondria-targeted small molecules have been annotated in DrugBank (Wishart et al., 2008) with a number of recent additions, suggesting that this is an area of growing therapeutic interest. However, drugs are also a frequent cause of mitochondrial dysfunction (Wallace, 2008) , and a surprising number of them are taken up by mitochondria and inhibit one or more mitochondrial functions directly or lead to increased ROS generation and the damage produces a clinical phenotype. Thus, mitochondrial dysfunction is often implicated in drug-induced toxicity (Dykens and Will, 2007 ), yet there is no requirement to screen drugs for mitochondrial toxicity before Food and Drug Administration approval. This issue has been recognized for some time in patients with genetic mitochondrial diseases, particularly for agents that increase mitochondrial ROS production. Hence, molecules that supress mitochondrial ROS production have been an area of strong research interest for a number of years, particularly for CNS applications.
An example is the triaminopyridine flupirtine, a nonopioid analgesic with mitochondria-dependent antioxidant and free radical scavenging activity with efficacy toward ischemic neuronal damage, apoptosis, and age-associated brain disorders (Schluter et al., 2000) . Instructively, the commercially available statins (e.g., atorvastatin and simvastatin), which lower cholesterol levels by inhibition of 3-hydroxy-3-methylglutaryl coenzyme A reductase, have been implicated in neuroprotection against PD, AD, traumatic brain injury, and secondary progressive multiple sclerosis (Kumar et al., 2012; Malkki, 2014) . In some instances, neuroprotection has been associated with the lipophilicity of the drug (Haag et al., 2009; Huang et al., 2015) , but direct mitochondrial protection is not established either experimentally or clinically, and the well-known adverse effects of statins on mitochondria, such as inhibition of Coenzyme Q synthesis, is an important caveat with these agents (Golomb and Evans, 2008) . The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors cause a myopathy that has been attributed in part to a reduction in CoQ 10 levels (Potgieter et al., 2013) .
Other notable examples of mitochondrial drug toxicity include cardiac and skeletal myopathy associated clinically with doxorubicin, cisplatin, and nucleoside reverse-transcriptase inhibitors such as zidovudine (Galluzzi et al., 2014) . Doxorubicin is notable because it prevents expression of compensatory mitochondrial biogenesis (Suliman et al., 2007a; Finsterer and Ohnsorge, 2013) . Certain antibiotics (e.g., tetracycline and aminoglycosides) inhibit mtDNA translation and protein synthesis. Anticonvulsants, such as valproate and barbiturates, inhibit respiration, and the common overthe-counter analgesic acetaminophen (paracetamol) can inhibit mitochondrial oxygen consumption as discussed in Than et al. (2014) .
Mitochondrial toxicity has led to withdrawal of a number of previously approved drugs, such as troglitazone, mainly due to hepatotoxicity. A majority of drugs with U.S. Food and Drug Administration black box warnings have been shown to be associated with mitochondrial toxicity (Dykens and Will, 2007) . This has led the pharmaceutical industry to begin to screen for mitochondrial toxicity earlier to identify compounds that may too toxic to bring into clinical testing.
IV. Induction of Mitochondrial Biogenesis by the Metabolic Gases
The discovery that the metabolic gases induce mitochondrial biogenesis by specific cell signaling pathways has raised the possibility of capitalizing pharmacologically on them to hasten the resolution of tissue injury during and after episodes of extensive mitochondrial damage. Moreover, many cells activate the production of these gases during periods of severe cell stresses that are associated with mitochondrial damage.
A. Nitric Oxide
The potent paracrine vasodilator gas, nitric oxide (NO), has numerous effects on mitochondrial biology. NO is produced catalytically from L-arginine in an NADPH-dependent reaction by the three isoforms of nitric oxide synthase (NOS), and NO generated in vascular endothelium (by NOS3) transcriptionally activates mitochondrial biogenesis (Nisoli et al., 2004a) . Correspondingly, the inducible NOS (NOS2) augments mitochondrial biogenesis during periods of inflammation (Reynolds et al., 2009; Suliman et al., 2010) . Physiologic NO activates mitochondrial biogenesis via soluble guanylate cyclase (GC) and cyclic GMPdependent signals (Nisoli et al., 2003; Gao, 2010) ; cGMP production upregulates PGC-1a and NRF-1 to initiate the program (Nisoli et al., 2003) . The NO-dependent signaling mechanisms are not fully defined, but increased PGC-1a, CREB1, and NRF-1 expression are required for mitochondrial proliferation (Fig. 3) (Nisoli et al., 2004b; Lira et al., 2010) .
NO-dependent vasodilation improves oxygen and carbon substrate availability for cell respiration and metabolism, but despite this vasodilation, excessive NO production during certain other pathologic conditions directly inhibits respiration through blockade of mitochondrial Complexes I (NADH dehydrogenase) and IV (cytochrome c oxidase, COX), markedly reducing OXPHOS (Antunes et al., 2004; Brown and Borutaite, 2007) . NO reacts with superoxide and generates peroxynitrite (ONOO 2 ), which not only diminishes vasodilation but leads to macromolecular damage to mitochondria (Pacher et al., 2007; Poderoso, 2009 ). This damage may enhance mitochondrial ROS production and stimulate Mitochondrial Quality Control prosurvival responses by AMP kinase (AMPK) and/or Akt/ PKB (Piantadosi and Suliman, 2012a) .
NO is also involved in myogenic differentiation in which GC-dependent inhibition of the Drp1 mitochondrial fission protein plays an important part (De Palma et al., 2010) . Since first reported that mitochondrial content is low in skeletal muscle in NOS3 2/2 mice (Nisoli et al., 2004b) , muscle has been an active site of investigation (Nisoli and Carruba, 2006) . Therapeutic NO supplementation has become an objective of treatment of heritable muscle wasting conditions such as Duchenne's muscular dystrophy (DMD) and mitochondrial myopathies. NO levels can also be influenced by NO-donating drugs or by stimulating its enzymatic synthesis with the amino acid precursors. Treatment of rat primary skeletal muscle cells with the NO donor S-nitroso-N-acetylpenicillamine causes a significant increase in mitochondrial mass (Tengan et al., 2007) , an effect also observed in other cells and tissues. For instance, in primary cultures of brown adipocytes, treatment with S-nitroso-N-acetylpenicillamine increases mitochondrial size and mtDNA content (Nisoli et al., 2003) . This stimulatory effect is abolished by supplementation of the media with oxyhemoglobin, a potent NO scavenger, implying dependence on NO generation.
Activation of mitochondrial biogenesis by NO donors leads to rapid proliferation of functional mitochondria (Nisoli et al., 2004b; Lira et al., 2010) . Several drugs with NO-releasing properties currently used in clinical practice, mainly for cardiovascular diseases, may specifically impact on NOS3 (Dudzinski et al., 2006) . Other NO-based therapeutic approaches to improve skeletal muscle performance involve diet, exercise, and pharmacological agents designed to improve mitochondrial content and OXPHOS efficiency . Aerobic training, a potent stimulus for muscle mitochondrial biogenesis, improves muscle strength and oxidative capacity in patients with mitochondrial myopathy (Murphy et al., 2008) in part through NOdependent mechanisms. An active area of research is to determine the safety, effectiveness, and the most appropriate conditioning regimens for these patients.
The treatment of mitochondrial disorders exhibiting NO deficiency by using arginine or citrulline supplementation (El-Hattab et al., 2012a) was first tried in Fig. 3 . Mitochondrial biogenesis by the endogenous gases. Nitric oxide (NO) and carbon monoxide (CO) are generated enzymatically by the NOS (1-3) and HO (1-2) isoforms, respectively. H 2 S is generated enzymatically from L-cysteine. The mitochondrion is a common organelle target of all three gases. Pharmaceutical development has leveraged these systems to design exogenous molecules to simulate the endogenous gases. Illustrated are ROS pathways for CO (and H 2 S), activation of cGMP by NO (or CO), and phosphorylation of peroxisome proliferator-activated receptor gamma coactivator (PGC-1a) via PKA. ROS, mainly H 2 O 2 , can activate Akt, leading to NRF-1 phosphorylation and its nuclear translocation (CO, H 2 S and their releasing molecules). NRF-1, NRF-2, and other nuclear transcription factors (NTFs) are coactivated by PGC-1a, leading to transcription of nuclear-encoded mitochondrial proteins (NEMPs), such as mitochondrial transcription factor A (Tfam), needed to activate mtDNA transcription and replication. NEMPs are imported into mitochondria through multiple outer (Tom)-and inner (Tim)-membrane transport machinery, and the proteins are folded and assembled. For the outer membrane, fission through the dynamin-related protein 1 (DRP1) and for the inner membrane OPA1 allow mitochondrial division, whereas mitofusins (Mfn) regulate fusion. Dynamic control of fusion/fission allows for mitochondrial network organization. Damaged mitochondria are tagged by Park and Pink for ubiquitination (Ub) and elimination by mitophagy; CORM, CO-releasing molecule; HO-1, heme oxygenase-1; NOS, NO synthase; OXPHOS: oxidative phosphorylation; PKA protein kinase A; ROS, reactive oxygen species.
MELAS (Koga et al., 2005; El-Hattab et al., 2012b) , because data from these patients had indicated low levels of serum arginine (Koga et al., 2005) and citrulline (Naini et al., 2005) accompanied by endothelial dysfunction (Koga et al., 2006) . The rationale was to improve the low NO production rates observed in some mitochondrial diseases and not necessarily to directly increase mitochondrial biogenesis. Some encouraging results were reported using arginine and citrulline to treat relative NO deficiency in MELAS patients (Koga et al., 2005; El-Hattab et al., 2012a; Tengan et al., 2012) , although mitochondrial proliferation in an effort to compensate for the disease has been proposed as an underlying cause of impaired NO synthesis by these patients in the first place (Tengan et al., 2012) .
On the basis of these findings and the NO deficiency observed in muscle fibers of patients with mitochondrial myopathies, it seems reasonable that NO precursor supplementation could have broader applicability in mitochondrial diseases that exhibit muscle weakness (El-Hattab et al., 2012a) . The precursor strategy has been tested in the Mdx mouse model of DMD and delayed disease progression was observed (De Luca, 2012; De Palma and Clementi, 2012) . Clinically, the success of NO therapy depends on whether the patient can increase the proliferation rate of mitochondria with functional OXPHOS systems, a limitation in hereditary mtDNA disorders with low heteroplasmy.
Other drugs such as HCT 1025, a nonsteroidal antiinflammatory derivative of flurbiprofen that releases NO, seems to slow disease progression in mice with limb girdle and Duchenne muscular dystrophies (Brunelli et al., 2007) . HCT 1026 combined with arterially delivered donor stem cells offered improved efficacy. This also demonstrated better functional gain than L-arginine combined with deflazacort in mdx dystrophic mice (Archer et al., 2006) . Another study reported that the NO-releasing drug molsidomine has therapeutic effects in dystrophic mice (Buono et al., 2012) . The drug increased muscle fiber regeneration and enhanced muscle function by increasing satellite cell proliferation. These studies raise new prospects for the treatment of both primary and secondary mitochondrial dysfunction, because several NO-based drugs already tested for safety in humans are available for study in clinical trials.
NO is also cardioprotective during ischemiareperfusion (I/R) injury. By using a mitochondrialselective S-nitrosating agent, reversible mitochondrial S-nitrosation (S-nitrosylation) of Complex I subunits constitutes a major mechanism of NO protection during I/R and is a potential therapeutic target for the prevention of injury after myocardial and possibly cerebral infarction (Chouchani et al., 2013) . In the heart and brain, progression of I/R injury is associated with mitochondrial dysfunction manifested by ATP depletion, calcium-induced opening of the mitochondrial permeability transition pore, and exacerbation of mitochondrial ROS release (Cadenas et al., 2010) . Several studies have investigated acute nitrite treatment, a modest NO donor under hypoxic/ acidic conditions, and one has shown that nitrite therapy initiated 24 hours after I/R improves tissue and vascular regeneration, and functional recovery (Kapil et al., 2014) .
B. The Heme Oxygenase-1/Carbon Monoxide System
Endogenous carbon monoxide (CO) produced by the heme oxygenases (Hmox, HO-1 and -2) acts as a messenger gas that exerts control over mitochondrial QC through its impact on the regulation of mitochondrial biogenesis and presumably mitophagy. Prior to this understanding, there was controversy over the incontrovertible toxicity of the gas versus observations supporting low dose CO as a cell protectant operating through general anti-inflammatory and antiapoptotic properties (Ryter et al., 2006; Suliman and Piantadosi, 2014) . Indeed, many protective effects of HO-1 induction by ischemia, hypoxia, oxidative stress, metals, and inflammation are not simply due to heme clearance and in many cases can be recapitulated by CO administration (Maines, 2005; Vieira et al., 2008; Biermann et al., 2010; Lee et al., 2014) .
The targets of CO binding in tissue are largely restricted to reduced transition metals, such as enzymatic copper and iron centers in hemoglobin, myoglobin, and cytochrome c oxidase, thereby influencing enzymatic function and redox state (Piantadosi, 2008; Motterlini and Otterbein, 2010) . Its affinity for heme proteins is responsible for its potent asphyxia effect. Like NO, CO activates guanylate cyclase but binds with a far lower affinity, whereas its effects on mitochondria are mediated through direct binding to reduced cytochrome c oxidase or indirectly to nearby heme proteins and enzymes of cytochrome P450 systems. An important effect is an increase in mitochondrial ROS production that leads to further HO-1 induction (Piantadosi, 2008) . Under such circumstances, CO administration or the use of CO-releasing molecules (CORMs) generates a positive feedback loop that contributes to upregulation of the HO-1/CO pathway and its induction of mitochondrial biogenesis (Fig. 3) .
Abundant preclinical evidence has demonstrated beneficial effects of CO administered as authentic gas or as CORMs in experimental models of cardiovascular disease, stroke, sepsis, organ transplant rejection, and various acute injuries in the lungs, heart, kidneys, and liver (Ryter et al., 2006; Bauer and Pannen, 2009; Motterlini and Otterbein, 2010) . Early studies found CO modulates local inflammatory responses by promoting anti-inflammatory cytokine production and opposing apoptosis, and a number of these effects appear to be linked to the transcriptional network of mitochondrial biogenesis . Moreover, the induction of mitochondrial biogenesis leads directly to counterinflammatory cytokine induction such as interleukin-10
Mitochondrial Quality Control (IL-10), IL-1 receptor antagonist , and suppressor of cytokine synthesis 3 (Athale et al., 2012) .
In resting humans breathing air, CO has a half-life of 4-5 hours and is eliminated unaltered almost exclusively through the lungs (Coburn, 2012) with limited oxidation to CO 2 by mitochondria. Moreover, the critical safe upper limit of carboxyhemoglobin [HbCO] in normal individuals is not known, but it is certainly lower in patients with cardiovascular and cerebrovascular disease (Hampson et al., 2012) .
CO gas is relatively nonreactive chemically, straightforward to produce, and inexpensive. Like NO, which is in clinical use, it is readily administered by inhalation (Motterlini and Otterbein, 2010) . By giving inhaled CO as discrete pulses, tissue CO levels will rise transiently and follow PO 2 -dependent elimination kinetics. The ease of administration has led to clinical trials focused on the anti-inflammatory effects of CO and set an upper limit of exposure at 8% HbCO, the equivalent of smoking about two packs of cigarettes per day. The first randomized, placebo-controlled Phase I trial to evaluate the clinical safety and pharmacokinetics of inhaled CO in healthy humans has been completed (Motterlini and Otterbein, 2010) . Low concentrations of the gas were found to be safe in dose-escalation studies in healthy humans and deemed acceptable for Phase II testing in emphysema and fibrotic lung disease. Inhaled CO is also undergoing evaluation for safety and potential efficacy in patients with advanced pulmonary arterial hypertension. In humans, it has also been shown that low-dose inhaled CO improves muscle mitochondrial density but also regulates myoglobin content, localization of the insulin-regulated glucose transporter (GLUT4), and muscle capillarity (Pecorella et al., 2015) .
The application of CO releasing molecules (CORMs) is a useful alternative to inhaled CO because they can be administered via systemic routes and in a tissuespecific manner, thus avoiding generalized pulmonary delivery systems and allowing judicious targeting of organs such as the brain. CORMs also show many of the protective features of authentic CO gas, e.g., suppressing the inflammatory response in glial cells (Bani-Hani et al., 2006) , and may therefore offer neuroprotection. The apparent inconsistency of neuroprotection in the literature has caused confusion but may in part reflect the choice of CORM and route of administration.
CORMs all possess a backbone carrier moiety embodied most commonly as organometallic carbonyl complexes that must be stringently characterized from a metabolic and toxicological standpoint. Some agents such as the boranocarbonates avoid metal toxicity but generally release CO rapidly. Several CORMs have been synthesized for therapeutic agents for delivering controlled amounts of CO to tissues and organs (Motterlini et al., 2002) . CORM-1 is soluble in water and decomposes rapidly, but under physiologic conditions CO is released with slower kinetics (half-life of 21 min) . CORM-2 is soluble in DMSO and olive oil and releases CO by photo-dissociation (Motterlini et al., 2002) . CORM-3 is a water-soluble ruthenium-based agent with a half-life of 1 min . CORM-3 is effective when given before neuronal injury but not if given shortly afterward (Yabluchanskiy et al., 2012) . A molybdenum-based, water-soluble CORM (ALF186) that releases CO in a dose-and oxygen-dependent manner is protective in vivo in models of acute inflammation (Sheikh et al., 2011) and in the regulation of vasomotor tone (Szabó, 2007; Marazioti et al., 2011) . ALF186 inhibits I/R-induced neuronal cell death via soluble GC activation and may be useful for acute ischemic insults to the retina and the brain. More recent work has shown utility of watersoluble synthetic carbonyl complexes of rhenium, which release CO and ReO 4 ; the latter is excreted by the kidneys (Zobi et al., 2013) . All of these agents relax blood vessels and generally lower blood pressure via GC and potassium channel activation, and some are postulated to improve vascular function. In addition, CO released from CORMs inhibits NF-kΒ-mediated inflammatory gene expression and upregulates adaptive gene expression for oxidative stress. Thus, these compounds are being proposed as novel agents for the therapy of an array of vascular, inflammatory, and oxidative stressrelated disorders.
C. Hydrogen Sulfide
A substantial body of evidence implicates H 2 S as a signaling molecule involved in multiple physiologic and cellular processes that protect organ function against damage (Szabó, 2007; Wagner et al., 2009) , including I/R injury Tamizhselvi et al., 2008) . It is made endogenously by the conversion of L-cysteine through two pyridoxal-50 phosphate-dependent enzymes, cystathionine b-synthase and cystathionine g-lyase. It has anti-inflammatory properties, such as inhibiting NF-kB-dependent NOS2 expression, but may also inhibit HO-1 expression; nonetheless, its precise role as an endogenous suppressor of inflammation is still under investigation. Marked proinflammatory effects reported for H 2 S (Collin et al., 2005; Li et al., 2005) stand in contrast with the anti-inflammatory effects observed in different studies (Elrod et al., 2007; Wagner et al., 2011) .
H 2 S is a well-known inhibitor of OXPHOS via cytochrome c oxidase (COX) blockade, a toxic property of many low molecular weight sulfides (Cooper and Brown, 2008) . On the other hand, low-dose H 2 S has been reported to preserve mitochondrial function in the heart muscle of rodents after I/R injury (Elrod et al., 2007; Calvert et al., 2010 ). Like CO, low level H 2 S administration or exposure of cells to H 2 S-releasing compounds increases the phosphorylation of protein serine/threonine kinase B (Akt) and enhances the nuclear localization of NRF-1 and -2 to increase mitochondrial biogenesis, attenuate apoptosis, and increase endogenous antioxidant levels (Calvert et al., 2010) . The impact of the gas on mitophagy and overall mitochondrial QC in injury and disease states however is not yet clear.
V. Induction of Mitochondrial Biogenesis by
Hormones, Drugs, and Natural Products
A. Estrogens, Erythropoietin, and Thyroid Hormone
Certain hormones modulate metabolism and mitochondrial function through the actions of the nuclear receptor (NR) superfamily of proteins. Upon ligand binding, these receptors enter the nucleus and bind hormone-responsive elements in the promoter regions of target genes, including TFAM, TFB1M, and TFB2M (Psarra and Sekeris, 2011) . In various tissues, steroid (type I) and nonsteroid (type II) NRs influence mitochondrial biogenesis and OXPHOS components (Weber et al., 2002) . Some NRs, such as the glucocorticoid receptor (GR), estrogen receptor, and thyroid receptor (TR) are also found in mitochondria where certain direct transcriptional effects can occur.
1. Estrogens. The loss of the main circulating estrogen 17b-estradiol (E2) due to either natural or surgical menopause leads to a prompt reduction in body metabolic rate. Other manifestations may include muscle weakness, fatigue, reduced exercise capacity, and weight gain. Some of these signs and symptoms are clearly associated with changes in aerobic energy metabolism.
Molecular studies have shown a regulatory role for E2 in mitochondrial function (Fig. 4) involving ATP production, generation of membrane potential, mitochondrial biogenesis, and calcium regulation (Wang et al., 2001; Duckles et al., 2006) . The mechanisms of these effects, especially in humans, are not well understood. Some evidence suggests that ERs localize to mitochondria and elicit their effects directly. ERa is essential for most of the E2-mediated increase in electron transport chain (ETC) and antioxidant proteins (O'Lone et al., 2007; Chen et al., 2009 ). On the other hand, ERb can downregulate mRNA expression of nuclear-encoded subunits of the ETC complexes in vasculature (O'Lone et al., 2007) . E2 may also influence mitochondrial function by altering mitochondrial ROS production (Borras et al., 2010) by induction of antioxidant responses (Sugishita et al., 2003) . E2 also activates NRF1/2, Tfam, and PGC1a (Mattingly et al., 2008) . Further research on E2 is warranted to understand these mitochondrial effects in greater detail.
E2 also stimulates ERa relocation to mitochondria where it interacts with hydroxysteroid (17-b) dehydrogenase 10 (HSD10). HSD10 is involved in steroid metabolism and functions as a core subunit of the mitochondrial RNaseP complex responsible for cleavage of polycistronic mitochondrial transcripts. This interaction results in mitochondrial transcript processing and mature RNA that is available for translation. Conversely, HSD10 inactivates E2 to a weaker form, Fig. 4 . Mechanisms of estrogen action on mitochondria. Binding and dimerization of estrogen receptors (ERs) by estrogen E2 trigger nuclear and mitochondrial genomic effects. These are mediated by nuclear translocation of E2-ER complex and either 1) direct binding with estrogen response elements (ERE) along with co-activators to form a transcription complex or 2) binding to transcriptional coactivators to induce gene transcription indirectly. ERs may also localize to mitochondria to induce potentially genomic and nongenomic actions, the mechanisms of which are not clearly understood.
Mitochondrial Quality Control estrone, the significance of which requires further investigation (Sanchez et al., 2015) . Impaired E2 signaling and subsequent mitochondrial dysfunction may also be involved in insulin resistance. Mitochondrial dysfunction is associated with reduced or partial FAO that can activate stress kinases that inhibit insulin signaling (Koves et al., 2008; Zhang et al., 2010) . The expression of the adipokine, adiponectin, and its receptor, AR1, is induced by estrogen in conjunction with mitochondrial biogenesis (Capllonch-Amer et al., 2014) , and adiponectin may improve insulin sensitivity.
Estrogen replacement therapy to protect postmenopausal women from diabetes and other metabolic disorders and osteoporosis is offset by the increased cancer risk by E2 and ER agonists. Bazedoxifene with conjugated E2 is a combination of selective tissue E2 complexes and receptor modulator that provides tissuespecific benefits of E2 in menopausal osteoporosis in women (Archer, 2010) and improves cardiovascular disease risk and metabolic syndrome with greater effects in endometrium and breast in animal models (Barrera et al., 2014; Kim et al., 2014) . Although selective tissue E2 complexes are still in trials, newer, more innovative, efficient, and tissue-specific E2 receptor agonists are being investigated. An E2 conjugated preparation with glucagon-like peptide-1 is more active than either hormone alone in the reversal of obesity, hyperglycemia, and dyslipidemia in mice and prevents reproductive endocrine toxicity and oncogenicity (Finan et al., 2012) . It is not yet clear which patients benefit and which agents would minimize the risks of E2-related therapy.
2. Erythropoietin. EPO regulates erythrocyte mass in response to hypoxia and anemia, but EPO activity is detectable in some non-erythroid cells that express functional EPO receptor (EpoR). Protective effects of EPO have been demonstrated in various nonerythroid tissues and experimental models of I/R injury and attributed to nonhematopoietic metabolic effects, inhibition of apoptosis, or to stimulation of angiogenesis (Chatterjee, 2005) . EPO stimulates cardiac mitochondrial proliferation through mitochondrial biogenesis mediated by NO and NRF-1 and PGC-1a . Clinically, EPO reverses cardiac remodeling, improves cardiac function, and enhances exercise tolerance and quality of life of a subset of heart patients by protective effects beyond the correction of anemia (Bergmann et al., 2011) . These findings highlight the possibility that EPO-mediated protection may depend on modulatory effects on bioenergetics. EPO can stimulate proliferation of cultured myoblasts through binding to EpoR to expand the progenitor population during differentiation, and it may have a role in muscle repair (Jia et al., 2009; Ogilvie et al., 2000) . EPO/EpoR signaling also improves glucose tolerance and protects against dietary obesity in association with skeletal muscle adaptation (Hojman et al., 2009; Teng et al., 2011) .
The association of EPO treatment in mice with increased mitochondrial biogenesis and PGC-1a activation in myocytes raises the possibility that EPO may contribute to skeletal muscle plasticity and the balance between slow and fast-twitch fibers. Furthermore, recombinant protein increases OXPHOS in human skeletal muscle (Plenge et al., 2012) . The enhancement and recovery of cellular functions through stimulation of hemoglobin production and mitochondrial activity in nonhematopoietic cells by EPO-like drugs might be a testable therapeutic strategy for certain ischemic or mitochondrial diseases in carefully selected patient populations, although the procoagulant effects of EPO administration have raised a legitimate caution.
3. Thyroid Hormone. The ability of thyroid hormone (T3 and T4) and thyroid hormone receptors (TRs) to regulate oxygen uptake and energy utilization is related to the thyroid system's multiple effects on mitochondrial function. TH targets several regulatory pathways for gene expression that may contribute to mitochondrial biogenesis (Weitzel and Iwen, 2011) . TH binds to nuclear-localized TR belonging to a ligand-dependent transcription factor family that modulates nuclear gene expression via binding to a thyroid response or TRE motif. TH also directly affects mitochondria by binding a mitochondrial-localized TR. However, intermediate factors are also expressed (perhaps via TREs) that enter the nucleus and regulate other TH-target genes. PGC-1a and PGC-1b and NRF-1, NRF-2 have been postulated to serve as these intermediate factors. There is evidence of rapid PGC-1a induction by TH both at the mRNA and protein levels [mediated by a TRE in the gene promoter (Wulf et al., 2008) ], but its impact on mitochondrial proliferation seems modest and the therapeutic opportunities limited.
B. Pharmacological Agents
The pharmacological activation of mitochondrial biogenesis is potentially achievable by a broad range of compounds including select natural products and pharmaceutical agents (Fig. 5) (Andreux et al., 2013) . Some of these agents may operate through physiologic pathways, whereas others may cause mild mitochondrial damage that then leads to the induction of physiologic QC mechanisms. These distinctions are made below when possible.
1. Peroxisome Proliferator-Activated Receptor Activation by Bezafibrate. The PPAR (a, b/d, g) agonist bezafibrate is commonly used to treat dyslipidemias (Tenenbaum et al., 2005) . Although fibrates have long been linked to fatty acid oxidation (FAO) and to peroxisome proliferation, later studies reveal that PPARs via PGC-1a also regulate other aspects of mitochondrial function . Bezafibrate stimulates heart and skeletal muscle PGC-1a expression in mice in a PPARd-dependent manner (Hondares et al., 2007) . Moreover, bezafibrate treatment or PGC-1a overexpression upregulates respiratory capacity and OXPHOS function in fibroblasts and myoblasts of OXPHOS-deficient patients (Srivastava et al., 2009) . Dietary bezafibrate at a concentration of 0.5% (w/w) induced mitochondrial biogenesis in skeletal muscle of Cox10 knockout mice. Bezafibrate stimulates Ppar and Pgc-1 gene expression and the induction of mtDNA and mitochondrial proteins in muscle. Importantly, bezafibrate treatment in Cox10 knockout mice delays the onset of myopathy and prolongs survival. In the Surf12/2 model of mild COX deficiency, bezafibrate does not replicate the effect of PGC-1a overexpression . Instead, the drug induces both PPARa and d and causes FAO upregulation in skeletal muscle. It also caused weight loss and severe hepatomegaly, indicating drug toxicity that could be due to PPARa activation (Hays et al., 2005) .
Bezafibrate showed benefit in Deletor mice, a model of adult-onset mitochondrial myopathy from accumulation of mtDNA deletions as a result of transgenic expression of mutated Twinkle helicase (Wallace et al., 2010; Yatsuga and Suomalainen, 2012) . The drug caused significant induction of hepatic liver FAO, hepatomegaly, and decreases in adipose tissue in this model (Yatsuga and Suomalainen, 2012) . In another study, the bezafibrate effect in Deletor mice was limited to delayed accumulation of COX-negative muscle fibers and a reduced mtDNA deletion-load with no change in phenotype and no induction of mitochondrial biogenesis. The treatment strategy differed in that the drug was started at the onset of symptoms at 1 year of age instead of at 5 weeks .
In a mouse model of AD (P301S transgenic mice) bezafibrate decreased disease progression by diminishing locomotor and stress-related abnormalities (Dumont et al., 2012; Noe et al., 2013) . A modest increase in mitochondrial proliferation was noted, but mild increases in mtDNA content and Sirt1 and Tfam gene expression was more apparent in brown fat with increased expression of NRF1 and PGC-1a. Small differences between mouse and human PPARa orthologs also seem to influence hepatocyte proliferation by PPARa activators such as fenofibrate, which does not induce hepatomegaly in PPARa-humanized mice as in wild-type mice (Yang et al., 2008) . Bezafibrate is relatively safe in humans, although rhabdomyolysis and kidney failure have been reported (Wu et al., 2009) . A promising finding is that long-term bezafibrate treatment of patients with the mitochondrial FAO disorder CPT2 deficiency leads to significant clinical improvement (Bonnefont et al., 2009 (Bonnefont et al., , 2010 .
2. b 2 -Adrenergic Receptor Agonists. b 2 -AR receptor agonists are airway smooth muscle relaxants and bronchodilators approved for the treatment of asthma and other airways diseases. These agonists are reported to modulate oxidative metabolism, energy expenditure, lipolysis, glucose transport, and glucose oxidation (Pearen et al., 2008) . Mice treated with formoterol, a b 2 -AR agonist, showed a fivefold induction of PGC-1a mRNA in skeletal muscle. The b 2 -AR has been successfully targeted for drug discovery using a ligandbased approach, resulting in the creation of multiple receptor-specific drugs (Wishart et al., 2006; Kolb et al., 2009) . However, the therapeutic potential of established and novel b 2 -AR agonists for the induction of mitochondrial biogenesis and as counter-inflammatory agents has not been well explored.
3. Metformin. This insulin-sensitizing biguanide is a front-line oral hypoglycemic treatment of DM2 (Halimi, 2006) . Metformin lowers blood glucose mainly via hepatic glucose output and insulin-stimulated glucose uptake in skeletal muscle and adipocytes (Larsen et al., 2011) . The molecular mechanisms involved are not completely clear. Although inhibition of mitochondrial Complex I has been reported in cells, isolated mitochondria, and muscle homogenate (Brunmair et al., 2004) ; metformin-induced activation of AMPK has been shown in rodent muscle (Zhou et al., 2001 ) and in human skeletal muscle from patients with DM2 (Musi et al., 2002) . Numerous studies have documented a role for AMPK in regulating mitochondrial function and biogenesis, and it too leads to anti-inflammatory effects (O'Neill et al., 2011) . On the other hand, effects of metformin on mitochondrial function by decreasing ROS production have been postulated (Hou et al., 2010) . Long-term metformin treatment may increase PGC-1a expression in muscle together with increased activity and protein expression of certain mitochondrial marker enzymes (Jager et al., 2007) .
4. 5-Aminoimidazole-4-Carboxamide Ribonucleotide. 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) has been found to increased mitochondrial biogenesis and cell ATP content while decreasing ROS production. The effect is mediated via AMPK and direct regulation of energy expenditure by modulating SIRT1 deacetylase activity, resulting in deacetylation of downstream targets including PGC-1a and Forkhead box O1 and 3 transcription factors (Canto et al., 2009 ). The drug does have significant toxicity, and the use of AICAR as a cardiac therapeutic is limited by bradycardia and hypoglycemia (Young et al., 2005) . AICAR requires phosphorylation inside the cell, and the phosphorylated derivative known as ZMP acts as an AMP mimetic (Merrill et al., 1997) . Unlike other presumed AMPK agonists, AICAR promotes AMPK phosphorylation and activation while not disturbing the energy status of the cell, i.e., the AMP/ATP ratio remains the same.
AICAR is orally effective to increase endurance performance in sedentary mice by increasing expression of oxidative metabolism genes (Narkar et al., 2008) . This is thought to happen via direct phosphorylation/ activation of PGC-1a by activated AMPK and subsequent induction of mitochondrial biogenesis (Jager et al., 2007) . Unfortunately, AICAR penetrates the Mitochondrial Quality Control blood-brain barrier poorly, which limits its use in the central nervous system (Marangos et al., 1990) . Nevertheless peripheral stimulation of AMPK and mitochondrial biogenesis may have some beneficial effects on brain function as demonstrated in healthy mice (Yu et al., 2015) .
In inherited OXPHOS disorders, partial activation of AMPK may naturally occur in certain tissues. Hence, additional stimulation of this pathway with AICAR may or may not be therapeutically useful. Accordingly, in a drug screen using skin fibroblasts from a cohort of Complex I-deficient patients, AICAR has shown promise in ameliorating mitochondrial defects (Golubitzky et al., 2011) .
In mice, AICAR's value for OXPHOS disorders has been shown by the treatment of muscle-specific COXdeficient mouse models of mitochondrial myopathy . Injected for 1 month from 8 weeks of age (0.25 mg×day 21 ×g 21 s.c.), AICAR resulted in AMPK phosphorylation and induction of FAO and OXPHOS gene expression in muscle in Surf12/2, Sco2KO/KI, and ACTA-Cox152/2 mice Viscomi et al., 2011) . AICAR also increased other OXPHOS enzyme activities, indicating an increase in mitochondrial biogenesis and an ability to improve muscle pathology in the Mdx model of DMD (Ljubicic et al., 2011; Jahnke et al., 2012) . This coincided with mitochondrial biogenesis as shown by increases in COX activity in fast-twitch muscles and a switch to more oxidative fiber types. In addition, AICAR induced utrophin and PGC-1a expression plus ETC components cytochrome c and COX IV. However, in the diaphragm, AICAR treatment did not produce changes in fiber type or induction of mitochondrial biogenesis (Pauly et al., 2012) . Contrasting data suggested that AICAR caused increased mitophagy in the diaphragm of Mdx mice (Pauly et al., 2012) . AICAR had a positive effect on diaphragm structure and contractile capacity, suggesting enhancement of mitophagy may be an alternative treatment of some muscle diseases such as DMD and mitochondrial myopathies (Pauly et al., 2012) .
C. Polyphenols and Other Natural Products
Polyphenols are ubiquitously present in fruits and vegetables and have traditionally been viewed as antioxidant molecules. This idea developed mainly from their widely established ability to scavenge carbon and lipid radicals and ROS. The prototype plant-derived polyphenol, resveratrol (3,5,49-trihydroxystilbene), is enriched in red wine and functions as a caloric restriction mimetic via upregulation of sirtuin-1 (SIRT1) and AMPK Lagouge et al., 2006) . It also enhances mitochondrial biogenesis through upregulation of PGC-1a, NRF-1 and -2, and Tfam (Biala et al., 2010) . Polyphenols act on many mitochondrial processes and some appear to be modulators of mitochondrial biogenesis, mitochondrial membrane potential, mitochondrial electron transport and ATP synthesis, and mitochondrial ROS formation, as well as intrinsic cell death (Fig. 5) .
1. Resveratrol. This polyphenol has received attention for a range of potentially beneficial effects including improvements in mitochondrial function, protection against obesity and obesity-related diseases such as type-2 diabetes, suppression of inflammation and cancer cell growth, and protection against heart disease. Resveratrol alleviates negative effects of a high-fat diet in mice such as weight gain and improves glucose tolerance because of activation of AMPK (Um et al., 2010) . Many studies have pointed to the ability of resveratrol to upregulate PGC-1a, SIRT1, and mitochondrial biogenesis (Puigserver et al., 1998; Rodgers et al., 2005) . Resveratrol treatment has been shown to increase AMPK activation, increase deacetylation of PGC-1a, and promote its activation (Canto et al., 2009; Um et al., 2010) . Currently, this increase in PGC-1a activity is still under investigation.
Resveratrol is modified by glucuronidation and sulfation (Meng et al., 2004) , which reduce its bioavailability. It is thus unlikely to reach serum concentrations above 1 mM from dietary consumption or 10 mM from direct oral supplements (Baur and Sinclair, 2006) . Two human studies have reported no effect of resveratrol on major metabolic parameters. A double-blind placebo-controlled trial of 12 weeks of resveratrol supplementation (75 mg/day) to nonobese postmenopausal women found no effect of resveratrol on glucose homeostasis, insulin resistance, blood pressure, or inflammation markers (Yoshino et al., 2012) . Another trial involving skeletal muscle and fat biopsies from human subjects found no increases in Sirt1, AMPK, NAMPT, or PGC-1a expression. Similarly, euglycemic hyperinsulinemic clamp showed no significant effects of resveratrol treatment (Yoshino et al., 2012) . This trial also found that resveratrol did not affect levels of phosphorylated AMPK or the expression levels of PGC-1a, GLUT4, tumor necrosis fact a, or NF-kB (Poulsen et al., 2013) .
Resveratrol has anti-inflammatory effects, and two groups have shown the prevention of cardiac dysfunction in hypertensive rats without reductions in blood pressure (Thandapilly et al., 2010; Rimbaud et al., 2011) , supporting a direct influence on the heart. Resveratrol seemed to preserve mitochondrial mass, biogenesis, and function in salt-sensitive hypertensive rats (Rimbaud et al., 2011) and in rats transgenic for human renin and angiotensin (Biala et al., 2010) . A small human clinical trial reported a minor improvement in diastolic function in 40 patients with acute coronary syndrome receiving 10 mg resveratrol daily during a 3-month trial. In addition, improvement in endothelial function and lower low-density lipoprotein levels were noted in the treatment group, but mitochondrial biogenesis and function were not assessed (Magyar et al., 2012) . The cardiac benefits may thus be limited to special situations, such as refractory hypertensive or postinfarction patients, but as mentioned, any therapeutic effects are limited by short half-life and low bioavailability (Baur and Sinclair, 2006) . Overall, these clinical studies tell an ambiguous story, and to better differentiate cardioprotective from pleiotropic effects, small molecule analogs of resveratrol are being pursued that directly and potently activate Sirt1 (Wood et al., 2004) .
2. Quercetin. This well-known polyphenol does induce mitochondrial biogenesis. Studies by Davis et al. (2009) reported on the ability of this flavonol (7-day treatment of mice with 12.5 or 25 mg/kg) to induce the expression and activation of SIRT1 and PGC-1a and to increase mtDNA and cytochrome c content in skeletal muscle and brain. As a possible functional effect, the authors showed a concomitant increase in maximal physical endurance capacity of treated animals .
The influence of quercetin on both mitochondrial biogenesis and exercise endurance has been studied in untrained human subjects (Nieman et al., 2010) where the flavonoid was administered orally (1000 mg/day for 2 weeks). Quercetin slightly increased the number of muscle mtDNA and mRNA copies (P = not significant) and induced a small (yet significant) increase in physical performance in untrained adult men. This agrees with MacRae and Mefferd (2006) where the administration of an antioxidant-rich beverage containing 300 mg of quercetin to trained cyclists significantly Fig. 5 . Pharmacological induction of mitochondrial biogenesis. Schematic representation of pathways for exercise, calorie restriction, stress, or small molecules. During caloric excess, PGC-1a, a key coactivator of mitochondrial biogenesis is in an inactive acetylated (ac) state. In times of caloric restriction, or after exercise, energy becomes scarce, resulting in increases in the AMP/ATP and NAD+/NADH ratios. The former has a direct impact on the activation of AMPK as binding of AMP (or ADP) facilitates phosphorylation (p) of AMPK by upstream kinases. Activated AMPK phosphorylates PGC-1a directly, which may either activate this coactivator or prime PGC-1a for activation via deacetylation by SIRT1/SIRT3. SIRT1 requires NAD+ as the nucleotide is a cosubstrate. The deacetylated PGC-1a is able to coactivate nuclear mitochondrial gene transcription via transcription factors including NRF1/2, estrogen-related receptor (ERR) a,b,g (ERRs), and PPARa,b,g. This activates mtDNA transcription, translation, and replication (represented by mtDNA); production of OXPHOS subunits, tricarboxylic acid (TCA) cycle enzymes, enzymes of fatty acid oxidation; and leads to increased mitochondrial mass. Resveratrol is a SIRT1 activator by a mechanism that is not well-unresolved but ultimately leads to PGC-1a pathway activation via coactivator deacetylation. AICAR is phosphorylated to an AMP analog, ZMP, that activates AMPK by promoting phosphorylation by upstream kinases. AMPK causes PGC-1a phosphorylation and SIRT1 activation via increases in the NAD+/NADH ratio. Bezafibrate is a pan-PPAR agonist and induces PGC-1a expression via the PPAR-responsive element in its promoter. See section on Pharmacological Agents for details.
Mitochondrial Quality Control increased their physical performance after 6 weeks (no effect was seen in controls given a quercetin-free antioxidant-rich beverage). However, no mitochondrial biogenesis markers were reported.
3. Hydroxytyrosol. Another polyphenol linked to mitochondrial biogenesis is hydroxytyrosol, a phenolic alcohol present in olives (and in extra virgin olive oils). In vitro, hydroxytyrosol (1-10 mM) activates PGC-1a through SIRT1 deacetylation and induces mitochondrial biogenesis in 3T3-L1 murine adipocytes and in ARPE-19 human retinal pigment epithelial cells (Zhu et al., 2010) . The administration of hydroxytyrosol to rats (25 mg/kg daily during 8 weeks) by the same investigators stimulated PGC-1a activity and the expression of mitochondrial biogenesis markers in skeletal muscle of both treadmill-exercised and sedentary animals, and increased their endurance (Feng et al., 2011) . The authors noted that in contrast to the mitochondrial biogenesis-inducing effect of moderate exercise, extreme exercise was associated with lower PGC-1a levels. This effect was prevented by hydroxytyrosol administration to the animals (Feng et al., 2011) .
Other dietary polyphenols have been implicated in the induction of mitochondrial biogenesis. For instance, isoflavones (genistein, daidzein, and formononetin) in rabbit renal proximal tubular cells (Rasbach and Schnellmann, 2008) , flavones (baicalein, its 7-O-glucuronide baicalin, and wogonin) in L6 skeletal muscle cells (Im et al., 2012) , and flavan-3-ol epigallocatechin-3-gallate in skin fibroblasts from Down's syndrome patients (Valenti et al., 2013) all activate the SIRT1/ PGC-1a pathway. In contrast to the SIRT1-inducing effect of genistein (Rasbach and Schnellmann, 2008) , this isoflavone also reduces SIRT1 mRNA and protein expression and induces SIRT1 nuclear exclusion into the cytosol of the human prostate cancer cell lines LNCaP and PC-3 (Kikuno et al., 2008) . However, PGC-1a levels or acetylation were not measured in this study. The SIRT1-mediated actions of genistein could relate to differences in basal levels or activity of SIRT-1 or to mechanisms that modulate its expression in normal compared with cancer cells.
Greater consistency of SIRT-1-inducing effects of polyphenols is seen by comparing in vivo studies. In humans (Taub et al., 2012) , the administration of an epicatechin-rich cocoa (total epicatechin was 100 mg/day during 3 months) to patients with type 2 diabetes and heart failure stimulates mitochondrial biogenesis in skeletal muscle biopsies, as expressed by an increment in SIRT1-dependent activation of PGC-1a and as an elevation in mitofilin, porin, and mitochondrial complexes I and V protein levels. The long-term effect of curcumin, a dietary polyphenol derived from turmeric has been investigated on various markers of mitochondrial biogenesis. For instance, curcumin (5-month dietary supplementation at 0.05%) upregulates PGC-1a protein expression in the brain of senescenceaccelerated mouse-prone 8, a fast-aging mice strain, improving MMP and ATP levels and restoring mitochondrial fusion (Eckert et al., 2013) . Dietary curcumin (3-month dietary supplementation at 0.2%) increases the expression of TFAM and PGC-1a in association with a greater expression of mitochondrial respiratory complexes, especially Complex IV, and an increase in ATP levels in the brains of apolipoprotein E3-targeted gene replacement mice. Comparatively, although ineffective on mitochondrial biogenesis, curcumin did increase ATP levels in high Alzheimer-risk apolipoprotein E4 mice (Chin et al., 2014) . Hence, polyphenols belonging to many subclasses (stilbenes, flavonols, phenolic alcohols, isoflavones, flavones, and flava-3-ols), are all potential dietary regulators of mitochondrial QC, but most of the regulatory pathways are not clear.
4. Triterpenoids. TPs are Nrf2 transcription factoractivating compounds. Normally Nrf2 is activated by cellular oxidative stress or by electrophiles, but for therapeutic purposes readily activated by synthetic TP analogs of olenolic acid. These inhibit oxidative stress and inflammation and are protective in some cancer models (Liby et al., 2007) . For decades, many plant-derived chemicals, or phytochemicals, have been known to have chemopreventive activities, and many are Nrf2 inducers (Lau et al., 2008) . The most potent also induce HO-1 and include sulforaphanes from cruciferous vegetables (Kensler et al., 2000) , curcumin (Balogun et al., 2003) , caffeic acid phenethyl ester (Balogun et al., 2003) , and wasabi (Morimitsu et al., 2002) . A novel Nrf2-activating, synthetic TP, 2-Cyano-3,12-Dioxooleana-1,9-Dien-28-Oic acid (CDDO) methylamide, was found to augment the expression of genes involved in mitochondria biogenesis, glutathione synthesis, and the antioxidant defenses (Yang et al., 2009 ). These authors also found neuroprotective effects of CDDO methylamide in 3-nitropropionic acid rat and MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) mouse models (Yang et al., 2009) . Other intriguing neuroprotective agents that induce Hmox1 expression by this mechanism include the electrophilic neurite outgrowth-promoting prostaglandin compounds (Satoh et al., 2000) .
The cell's redox state is protected by the induction of the antioxidant response, which responds physiologically to a variety of stimuli and entails the upregulation of genes containing the antioxidant response element (ARE) Magesh et al., 2012) . The best known inducer of the antioxidant response is a sulforaphane, an isothiocyanate discovered in Brassica oleracea var. italica (Zhang et al., 1992) . It binds irreversibly to the Nrf2 docking protein, Keap1, that blocks its activity (Kensler et al., 2013) . Inactivation of Keap1 permits Nrf2 to enter the nucleus and bind to promoter AREs (Cheng et al., 2011; Dinkova-Kostova and Abramov, 2015) , responsible for antioxidant gene expression as well as the expression of the p62 mitophagy protein (Dinkova-Kostova and Abramov, 2015). Another protein, the p62-mediated mitophagy inducer is reported to induce the antioxidant response specifically by inhibiting Keap1 (East et al., 2014) . This protein induces mitophagy via p62 upregulation with a beneficial effect on mitochondrial homeostasis and no major toxicity. Moreover, the antioxidant response also induces neuroprotection in the mitochondrial-damage driven MPTP mouse model (Jazwa et al., 2011; Lavich et al., 2015) . The pharmacological exploitation of mitochondrial QC through the ARE is an attractive prospect, but a core pharmacological approach is moving slowly because long-term activation of some of these transcriptional elements is tumorigenic.
A notable mitophagy inducer is the ATP analog kinetin triphosphate, which increases mitophagy by means of PINK1 (Hertz et al., 2013) , and increases survival of dopaminergic neurons in culture. Another mitochondrial targeting approach is drugs that inhibit the mitochondrial PTP such as cyclosporine (Tedesco and Haragsim, 2012) . This and related calcineurin inhibitors are potent immunosuppressive agents but have side effect profiles that include hepatic, renal, and heart failure and the potential to impact mitochondrial QC, which is unexplored.
5. Thiazolidinedione Drugs. Thiazolidinediones activate the PPAR (peroxisome proliferator-activated receptors) group of nuclear receptors with high affinity for PPARg, also a cognate target of PGC-1a. The endogenous ligands (mainly free fatty acids and eicosanoids) allow the receptor to bind to DNA in complex with the retinoid X receptor to increase the transcription of some genes while decreasing the transcription of others. The main effect of this differential gene expression is an increase in free fatty acid storage in adipocytes, thereby decreasing the circulating fatty acid pool. The cells then become more dependent on carbohydrate oxidation, i.e., glucose, for free energy. Thiazolidinediones are approved only for the treatment of DM2, and although their modulation of PGC-1a is well known, thiazolidinedione's effects on mitochondrial biogenesis are controversial. In the heart, for instance, mitochondrial biogenesis has been implicated in thiazolidinedione-mediated postinfarction cardiac remodeling, and the drug reduces infarct size in several species (Liu et al., 2004; Yue et al., 2005) , although these findings have also been disputed (Lygate et al., 2003; Xu et al., 2005) . Drug toxicity has been an issue in clinical studies.
D. Other Compounds that Protect Mitochondria through Mitochondrial Biogenesis
1. Mitochondrial Nutrients. Mitochondrial nutrients protect the organelle from oxidative damage and maintain or improve aerobic metabolism. Some are being employed to correct relative or absolute deficiencies of critical metabolites or to increase the levels of critical substrates and enzymes resulting in enhanced cellular metabolic efficiency. Such nutrients can also perform other functions including limiting mitochondrial ROS production and oxidative stress and reducing acute inflammation. Key micronutrients include ironchelating agents; enzymatic and nonenzymatic freeradical scavengers, such as a-tocopherol (Liu and Ames, 2005) ; antioxidant enhancers, such as coenzyme Q, lipoic acid, glutathione, and a-tocopherol; and enhancers of metabolism and mechanisms that repair or degrade mitochondria. Some may increase mitochondrial biogenesis, such as lipoic acid and acetyl-L-carnitine, creatine, pyruvate, and choline (Shen et al., 2008a,b) , or protect mitochondrial enzymes and/or stimulate matrix enzyme activity by elevating substrate and cofactor levels, such as B vitamins (Liu and Ames, 2005) . It is important to reiterate that potent ROS scavengers may not only decrease mitochondrial damage but interfere with redox signals involved in mitochondrial QC.
2. Mitochondrial-Targeted Reactive Oxygen Species Scavengers. The persistence of damaged mitochondria as a source of ROS production in aerobic cells and has led to many attempts to target them with small molecule antioxidant drugs. The best known endogenous molecule with specific mitochondrial oxidant/ antioxidant properties is probably the neurohormone melatonin (Luchetti et al., 2010) , but the prototypical synthetic mitochondria-targeted antioxidant is MitoQ, a hydroquinone ROS-scavenging moiety linked to triphenylphosphonium (TPP), a lipophilic compound that crosses membranes and accumulates in the matrix as a function of membrane potential. MitoQ thus mimics the role of endogenous coenzyme Q10 (CoQ 10 ), and also augments the antioxidant capacity of CoQ in a mitochondrial membrane potential-dependent manner.
ROS scavenging is achieved by oxidation of MitoQ to its quinone, which is then recycled to the active hydroquinone by mitochondrial Complex II (Murphy and Smith, 2007) . MitoQ is orally bioavailable with no detectable toxicity when administered to mice at ;20 mg/kg. Tracer studies find the compound to be taken up rapidly by the heart, liver, brain, kidney, and muscle, with highest accumulation in heart and liver (Smith et al., 2003) . Long-term administration of MitoQ had no effect on plasma glucose, insulin, free fatty acid, or cholesterol levels but is associated with reduced triglyceride levels. After receiving MitoQ, heart and liver tissues of mice showed no significant treatment-related differences in gene expression profiles by microarray analysis (Rodriguez-Cuenca et al., 2010) . MitoQ thus appears to be a relatively safe, orally available small molecule that does not significantly alter basal physiology.
In humans, MitoQ has been studied in Parkinson's disease (PROTECT) and in patients with chronic hepatitis C infection. The PROTECT trial was negative, but it provided good data on oral drug safety for as long as one year (Snow et al., 2010) . Major side effects of the Mitochondrial Quality Control 39 MitoQ regimen were not seen in either trial. In the chronic hepatitis C trial, patients receiving 40 and 80 mg MitoQ showed significant improvement in liver function (Gane et al., 2010) . Despite the therapeutic potential of MitoQ and other TPP-conjugated antioxidants, they have significant limitations. The uptake of these compounds is governed by the membrane potential, which may be close to collapse in the cells of failing organs, such as the heart. Moreover, the accumulation of cationic TPP in the matrix may depolarize mitochondria, leading to adverse effects. Thus, this strategy requires further investigation.
Mitochondrial targeting with peptide mimetics or lipophilic cationic agents (MitoQ, SkQ1) or manganese superoxide (SOD2) mimetics (Pucheu et al., 1996; van Empel et al., 2006; Kawakami et al., 2009; Iranzo, 2011) may also offer therapy for mitochondrial antioxidant protection. However, strategies to direct these compounds to the organ or cell type of interest at the apposite time are lacking, and their impact on the redoxregulation of mitochondrial biogenesis is unknown.
The deployment of mitochondrial protective agents is ensnared by the bewildering array of molecular targets from which to choose and the difficulty of delivering a candidate to the desired mitochondrial compartment and target (Szeto and Schiller, 2011) . There are few methods for noninvasively assessing mitochondrial function, although newer spectroscopic approaches are being developed for monitoring electron transport and OXPHOS in experimental animals and humans (Marcinek and Conley, 2014) . Attempts to improve the delivery of CoQ 10 into the mitochondrial matrix have been made by conjugating it to the triphenylphosphonium ion (TPP + ) (Smith et al., 2012) . MitoTEMPO has also been used experimentally to minimize sepsis-induced acute kidney injury by increasing mitochondrial superoxide scavenging and preserving capillary blood flow (Sims et al., 2014) .
Targeted peptides are a promising therapeutic approach for treating other causes of mitochondrial dysfunction. Rather thoroughly investigated is SS-31 , which concentrates in the inner mitochondrial membrane by binding selectively to cardiolipin, causing a conformational change that optimizes mitochondrial electron transport and ATP synthesis while inhibiting cardiolipin peroxidation . The latter property enables SS-31 to inhibit MPT pore opening in myocardial ischemia and reduce infarct size (Kloner et al., 2012) . The therapeutic potential of SS-31 also has been demonstrated in aging animals and in diseases associated with mitochondrial dysfunction (Szeto, 2014) .
VI. Targeting Mitochondrial Dynamics and Mitophagy
As mitophagy is often either activated or blocked by pathologic processes, pharmacological approaches to these pathways are receiving considerable interest (Rubinsztein et al., 2012) and highlight the translational potential of this area of research. During an energy crisis, for instance, induction of mitochondrial biogenesis by AMPK may also directly activate autophagy/mitophagy, e.g., via phosphorylation of the ULK1 mitophagy regulator (Egan et al., 2011) , which targets the degradation/recycling of dysfunctional and damaged mitochondria.
Certain compounds have been identified as strong modulators of autophagy/mitophagy including sirolimus (rapamycin), an mTORC1 inhibitor that blocks autophagy. The relationship between ROS production and elimination must be delicately balanced to appropriately stimulate mitophagy (Frank et al., 2012) . Overwhelming cellular ROS production is not only directly injurious but also disrupts redox signal localization, while ROS over-scavenging may interrupt redox communication. This apparent paradox may explain the unexpectedly weak effects of antioxidant therapies (Benfeito et al., 2013) , especially for chronic degenerative diseases (Singh et al., 2011) . Still, highly localizable mitochondrial antioxidant compounds hold promise for mitochondrial protection without interference with redox signaling. For instance, targeted antioxidants may limit oxidative damage by protecting lipid-rich mitochondrial membranes while allowing redox signals to stimulate the replacement of badly damaged mitochondria.
There also appear to be redox-controlled genetic mechanisms involved in mitochondrial biogenesis that are involved in the expression of mitophagy proteins (Chang et al., 2015) . Using argument by analogy, certain antioxidants may influence mitophagy in accordance with the redox signaling pathways outlined above. This could also be true of mitochondrial dynamics, and although one study has reported that CoQ 10 supplementation in DM2 decreased renal mitochondrial fragmentation and mitochondrial size (Persson et al., 2012) , it is not clear if the compound prevented alterations in morphology and function by strictly antioxidant effects or also by modulation of mitophagy.
The expanding recognition that mitochondrial dynamics influences function has led to other therapeutic perspectives (Andreux et al., 2013) . Mitochondrial mass and morphology are defined by an exquisite balance among fission/fusion, biogenesis, and mitophagy (Fig.  6) . Thus, modifications in one or more each of these processes may be required for the treatment of different mitochondrial disorders (Andreux et al., 2013) . There are genetic disorders of mitochondrial dynamics including defects of mitochondrial fusion caused by mutations in MFN2 or OPA1 in Charcot-Marie-Tooth type 2A and autosomal dominant optic atrophy, respectively (Zuchner et al., 2004) , and mitochondrial fission caused by mutations in DRP1 and MFF (Shamseldin et al., 2012) . The discovery of specific inhibitors of mitochondrial fusion (M-hydrazone) and fission (MDIVI-1 40 Suliman and Piantadosi and P110) hint at potential therapeutic applications for these disorders (Qi et al., 2013) , but rigorous preclinical studies are needed to investigate efficacy and possible adverse effects. Such novel agents may also help regulate mitophagy in mitochondrial disorders not primarily caused by fission/fusion defects (Andreux et al., 2013) .
One devastating autosomal dominant disease that displays increased mitochondrial fragmentation, Huntington's disease (HD), is a relentless and fatal neurodegenerative condition characterized by progressive chorea and cognitive impairments. The mutant Huntingtin (mHtt) interacts with Dynamin-related protein 1 (Drp1), causing excessive mitochondrial fission, leading to abnormal mitochondrial dynamics and neuronal damage in HD-affected neurons. In neurons that express mHtt, an imbalance between fission and fusion leads to aberrant mitochondrial structure and function and ultimately neuronal damage. By using mice that express full-length human Htt gene with 97 CAA and CAG mixed repeats (BACHD mice), significant increases in mRNA levels of Drp1, Fis1, and Cyclophilin D and decreased levels of Mfn1 and Mfn2 in 2-monthold BACHD compared with age-matched wild-type mice support abnormal mitochondrial dynamics as an early event in HD progression (Shirendeb et al., 2012) . It has also been determined that S-nitrosylation of Drp1 contributes to HD pathogenesis (Haun et al., 2013) , because mHtt protein triggers a significant increase in nitric oxide (NO) production in primary neurons. Consistent with this result, increased levels of S-nitrosylation in Drp1 were seen in the striatum of an HD transgenic mouse as well as in the neurons from patients with HD.
Progress is being made in developing therapeutic molecules that can prevent excessive mitochondrial fission and still maintain fission-fusion balance, mitochondrial function, and neuronal activity in diseases where mitochondrial oxidative stress and bioenergetic dysfunction is involved. Several groups have screened chemical libraries and uncovered three novel molecules: Mdivi-1 (Cassidy-Stone et al., 2008), Dynasore (Macia et al., 2006) , and P110 (Qi et al., 2013) . Among these, Mdivi-1 has been extensively investigated in experimental rodent models of epilepsy Xie et al., 2013) , ischemia (Park et al., 2011; Zhang et al., 2013) , oxygen-glucose deprivation (Wappler et al., 2013) , rhabdomyolysis (Tang et al., 2013) , and conditions involving endosome aggregation and vesicle fusion during exocytosis (Chlystun et al., 2013) . In all of these states, Mdivi-1 exhibited beneficial effects on cells and tissues by restricting mitochondrial fission and maintaining normal fission-fusion balance and cell function. However, this is not the only role of Mdivi-1, which also independently suppresses the activity of acetylcholineactivated potassium channels in murine cardiomyocytes in a concentration-dependent manner (So et al., 2012) ,
The Dynasore molecule interferes with the GTPase activities of Dynamin 1, Dynamin 2, and Drp1 but does not interfere with fusion. The protective role of Dynasore in ischemia and/or I/R injury in mice has been studied by Gao et al. (2013) who observed that mice pretreated with Dynasore exhibited less ischemia and/or reperfusion-induced cardiac impairment, suggesting that Dynasore protects cardiomyocytes from excessive mitochondrial fission and oxidative stress. 6 . Regulation of mitochondrial quality control (QC) via mitochondrial biogenesis and mitophagy. Mitophagy, in conjunction with mitochondrial biogenesis, regulates changes in mitochondrial number required to meet metabolic demand. Activated AMPK triggers ULK1-dependent mitophagy and simultaneously triggers the biogenesis of new mitochondria via effects on PGC-1a-dependent transcription. Conversely, mTOR represses ULK1-dependent mitophagy when nutrients are plentiful. In addition, AMPK can be activated by ROS-mediated opening of calcium release-activated calcium (CRAC) channels, leading to cytosolic calcium flux that activate the AMPK upstream kinase CaMKKb. These processes controlled by AMPK and mTOR determine the net effect of replacing defective mitochondria with new functional mitochondria. AMPK: AMP-activated protein kinase; mTOR: mammalian target of rapamycin; PGC-1a: PPARg co-activator 1-alpha; ULK1: the mammalian Atg1 homologs, uncoordinated family member (unc)-51: like kinase 1; ERK2: the extracellular signal-regulated protein kinase 2.
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VII. Conclusions
The enhancement of mitochondrial QC through the pharmacological induction of mitochondrial biogenesis, mitophagy, and/or the dynamic control of fission/fusion balance is emerging as a strategy for the prevention or treatment of primary and secondary mitochondrial disorders. Efforts to develop these strategies have highlighted the complexity of mitochondrial targeting, the limitations of the tools available today, and the many uncertainties of mitochondrial QC regulation. Nonetheless, the biologic elimination of unsalvageable mitochondria prevents excessive intracellular oxidative stress and the pathologic accumulation of oxidized macromolecules that may propagate damage and interfere with redox signaling mechanisms. It should also be kept in mind that induction of mitochondrial biogenesis in some cases may actually lead to increased numbers of dysfunctional mitochondria. For example, patients with heritable OXPHOS disorders have residual activity because the complete loss of OXPHOS is incompatible with life; hence, an increased mass of even low efficiency mitochondria may increase ATP synthesis rates above the threshold of functional sustainability. Moreover, no agent can rescue every cell or tissue, but a measurable impact on a subset of cells and conditions depending on the type of mitochondrial defect and the pathologic phenotype could be beneficial to tissue repair.
Apart from OXPHOS defects, mitochondrial dysfunction commonly increases endogenous ROS generation, and although ROS are necessary in cellular communication, excessive oxidation of constitutive macromolecules compromises cell viability. OXPHOS disorders also do not always show damaging mitochondrial ROS production, and mitochondrial-targeted antioxidants may thus be of little value and may interfere with redox communication in some situations. Many times, however, mitochondrial ROS production is substantially increased and mitochondrial antioxidants may be more useful than the induction of biogenesis, which could increase the number of ROS generating sites in the cell. On the other hand, the re-establishment of a healthy population of working mitochondria through mitochondrial biogenesis may actually ameliorate ROS production by both close regulation of mitochondrial ROS release and by the concurrent antioxidant response, for example the SIRT3-dependent PGC-1a-mediated antioxidant response (Bell and Guarente, 2011) . Finally, the natural molecular correspondence between mitochondrial biogenesis and mitophagy, for instance mediated by AMPK during an impending energy crisis, may provide opportunities for targeted protection against persistent mitochondrial dysfunction through overall QC mechanisms. Scientific efforts have prepared this area for innovative molecular pharmacological approaches and clinical protocols that address promising mitochondrial QC targets, but further elucidation of novel pathways that protect the cell through mitochondrial QC may offer unique opportunities for disease therapy where ongoing mitochondrial damage is less obvious as an important factor.
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